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Abstract 
 
Although relatively young in the history of technology, thin films are firmly established in modern 
life. They form an essential part of electronic devices for data applications, communication, energy 
harvesting or field of medicine. Initially developed on solid substrates they found a niche in flexible 
market, enabling more exotic functions such as smart wearable textiles or curved elastic displays.  
This project is focused on flexible thin films in nanometre range and study of their structural and 
magnetic properties. Particular attention was placed on substrates which form the base for a film 
to grow. Industry well known Kapton® and piezoelectric polyvinylidene difluoride (PVDF) foils were 
chosen for this purpose to act as flexible support for a film of common ferromagnetic materials - 
Fe, Co and NiFe. Samples were fabricated by popular magnetron sputtering method. Our films 
demonstrated an outstanding physical durability and retention of their magnetic properties even 
after repeatable mechanical stress. In fact, magnetic properties of our samples were found to be as 
good or better when compared to reference samples constructed on a solid substrate.  
We have discovered some unexpected results when depositing very thin films onto roughened 
substrate surface. Magnetic coercive field significantly increased in some materials, whilst effective 
anisotropy developed in others that not normally possess one. These effects were firmly linked to 
the substrates themselves. This thesis reports on the so-called Roughness Effect and investigates 
conditions in which it intensifies.  
Our study extends to exchange bias phenomena and a novel way of its construction. This is based 
on a reduction of ferromagnetic layer in the system by its deposition on a diamagnetic substrate. 
This simple yet effective innovation could pave the way for easier and inexpensive fabrication of 
devices based on exchange bias. 
Here explored Roughness Effect and Exchange Bias are scientifically interesting phenomena. But 
this work also provides deeper understanding for both, whilst suggesting a simpler modification of 
magnetic properties in ferromagnetic thin film, which are the key players on electronics market 
today. 
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 Introduction 
 
Films have been known to humans for centuries, but it was advanced manufacturing processes that 
brought them into spotlight in recent years. The historic method of making films is based on gilding 
or beating the bulk material to desired thickness with a hammer [1]. The modern technologies are 
based on a transfer of individual atoms to a substrate, achieving extra thin layers of materials, even 
down to monolayers. In basic terms, we can describe any film as a very thin layer of material, usually 
deposited on a supporting base called the substrate. 
Besides the obvious advantage of having small physical dimensions, there are more important and 
interesting benefits to films. Thicker films display identical characteristics to their bulk counterparts. 
However, as one scales down their thickness to nanometres, an unexpected or even unusual 
behaviour may start to emerge. This is owed to the ratio of surface atoms to atoms residing inside 
the material.  
Variations in properties between bulk and film form of the same material can be significant. Thin 
film structure has added complexity by the virtue of a substrate being a part of it. Therefore, no 
longer is an eternal stimulus the only way capable of changes to thin film property. In fact, it is often 
the substrate-induced stress responsible for such changes. For example, Kumary et. al. deposited a 
doped manganese oxide on top of two different substrates and compared those with the bulk 
counterpart. They did so by assessing colossal magnetoresistance (CMR) effect, for which this 
material is known for [2]. Not only they discovered that both films demonstrated an increased CMR 
compared to bulk, but also that the effect was heightened in the film grown on large strain 
promoting substrate. 
Even surface atoms alone are significant in governing the way the whole film behaves. Rombach 
et.al. experimented with Indium oxide used as a gas sensor. They studied how the outermost layer 
of the film affects the electrical conductivity of the whole film by variation of surface electron layer 
thickness [3]. Even though both, bulk and the film outermost layer, are contributing to the overall 
conductivity of the sensor, they found significant increase in sensitivity of the sensor by lowering 
the bulk conductance part. Thus, making the topmost layer critical to the sensor performance.     
It is clear, that it is those surface atoms characteristics, normally supressed by the bulk, that dictate 
final properties of films. Therefore, films are found in myriad of applications nowadays. For 
example, those with their see-through appearance are used as antireflective optical filters, where 
they help to channel visible light to solar cells for better efficiency [4]. Others are magnetically 
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stable to record a memory bit on hard disk drive, whilst another type, sensitive enough to pick the 
stray magnetic field coming of disk platter, detects that magnetic change [5].  Some of the most 
important applications are based on sensors, such as those detecting a presence of particular gas 
in air for safety reasons [6], or those taking a shape of thin film transistors acting as biosensors in 
medicine [7]. Films find also uses in more simpler, yet vital roles in mechanical industries as 
protective coating against harsh chemicals [8] or as an protective layer for various mechanical 
devices by decreasing friction [9].  
Ability to fine-tune magnetic properties of thin films is not only scientifically interesting process but 
the necessity to advance modern nanoengineering. Popular techniques include material doping 
[10], magnetic or temperature annealing [11] and alteration of deposition parameters. Besides 
these commonly used methods, there is a simple, yet effective way of altering film characteristics 
based on surface geometry. That is, the substrate is able impart changes to a film structure through 
its surface variations. This effect can be mild, bringing none or barely noticeable changes to the 
final film properties. But the very same effect can, by contrast, lead to the film discontinuity, 
significantly altering its features. The substrate texture can also govern the way the film particles 
grow, by forcing impinging atoms to land on its surface in a specific way. Once deposited, its 
topography further regulates the way particles coalesce with each other (see chapter 3.1 for more 
details).  
Substrate roughness is known to have a great impact on film properties, especially in low thickness 
range where its effect is more dominant. For instance, one would expect magnetic coercive field to 
increase with film thickness due to formation of domains or presence of larger grains. However, an 
unexpected film behaviour was discovered in which coercive field increases with thinner and 
rougher substrates [12]. 
The physical size of films allows for miniaturisation of components across electronic industry and 
this applies to both, solid and flexible technologies. In fact, there is an increased demand for flexible 
devices nowadays for which thin films are ideally suited due to their size. Flexible technologies 
already infiltrate the market with flexible displays [13] or wearable textiles [14]. Recent research in 
this field moves flexible films into widening range of technologies such as energy harvesting [15], 
medicine [16] and transparent electroluminescence devices [17].  
Based on the above, this research was aimed on development of flexible films and study of their 
magnetic and structural properties. The emphasis was set on comparison between films grown on 
solid vs. flexible substrates in the hope to develop flexible films capable of maintaining their 
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qualities even after flexing. Additionally, the focus was also set for flexible films having comparable 
or better property as for those coated on solid substrates. Whilst the initial goal of fabricating 
flexible films of excellent qualities was achieved, our attention has shifted towards exploration of 
substrate roughness and its role in dictating magnetic properties of films. This marginal change in 
research direction was caused by discovery of easy and hard axis in Permalloy thin film, coated on 
flexible substrates, during one of the planned experiments. This polycrystalline material does not 
naturally possess such feature and so the investigation began to uncover the cause for this 
previously unseen property. This deliberate diversion proved to be beneficial to the project, 
generating 3 peer-reviewed articles on this topic, whilst opening avenues for further research.   
Thin films are often formed into heterostructures incorporating different materials, with a view of 
producing new and useful functionalities. Such film stacks benefit from the merge of individual 
properties of involved materials but also from interface between layers and substrate. In this way 
synthesized material is capable of applications impossible to achieve with bulk. One such example 
is exchange bias effect (EB). It is often found in recording industry as part of a spin valve structure 
responsible for reading data from a disk platter [18]. Its innovative structure allows detection of a 
feeble magnetic fields which makes it particularly useful for sensing applications [19]. This 
phenomenon has been known for years but underlaying principle is still being debated [20]. It is 
constructed simply by bonding thin layers of ferromagnet (FM) and antiferromagnet (AF) together. 
EB will be formed at the interface if certain conditions are met (fully discussed in chapters 3.2.3 and 
4.5). Since its discovery, researches have been trying to improve efficiency and sensitivity of this 
structure. Most ideas usually revolve around artificial reduction of magnetisation of the 
ferromagnetic layer [21]. In this project, the same tactic has been trialled but with a different 
approach. Instead of reducing FM magnetisation by incorporating some complicated structures, the 
usual EB structure has been made but deposited on top of diamagnetic layer. This was to act as FM 
strength reducing agent. This work has been successful and resulted in published paper in APL 
journal (chapter 4.5). 
This thesis explores physical reasons behind unusual effects found with very thin films coated on 
substrates of various roughness. Scrutinised are changes in magnetic behaviour of these films, 
specifically, coercive field values and effective magnetic anisotropy. Also looked at are magnetron 
sputtering parameters and their impact on film production. This document is sectioned into self-
contained chapters. However, it adopts natural research flow through this work. Chapter 2 is 
concerned with experimental basics of film deposition technique as well as all measuring devices 
used in this project. Chapter 3 is aimed at a theoretical explanation of processes behind film 
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fabrication and film growth. Some key concepts of magnetism associated with thin films and 
materials in general are also identified. The chapter ends by discussing important types of 
anisotropies scrutinised in this project, including the exchange bias.  
Chapter 4 summarises results of all the relevant experiments completed during this study. It opens 
by exploring plasma etching and its significant impacts on film development. Then it moves to the 
core subject - roughness effect. The section is subdivided by the type of material used for film 
coating. This is to account for material dependence of the said effect. Following is an investigation 
with temperature, reconfirming our hypothesis based on experiments. And the last section explores 
exchange bias phenomenon with a new, previously unexplored way of its construction. This 
subsection is not directly considering roughness effect but certainly serves as a basis for further 
investigation involving fusion of the two effects. Chapter 5 concludes the text.  
As thin films continue to infiltrate modern technology, it becomes more important than ever to 
invest into research in this field. This work adds to this effort by deeply looking into substrate-film 
relation and by this it sets a new, inexpensive alternative for modifying desired magnetic film 
properties. It also prepares route for further research involving exchange bias, flexible substrate 
and roughness effect. 
 
1.1 Units 
 
It seems that no other science discipline is riddled with units as much as physics. In an attempt to 
simplify this, the SI unit system was born, which has been accepted by the world. However, this 
standardisation is not always helpful to researches, when some deal with extra small and others 
with extra large values. Magnetism especially has two-unit systems in active use. No attempt in 
streamlining units has been made when writing this thesis as both systems are in frequent use 
today. 
Gausian c.g.s units are mostly accepted in the world of thin films. In this work Oersted (Oe) is used 
when gauging magnetisation, regardless of whether it is applied externally (H) or whether it is 
coming from the sample in coercivity measurements (HC). Distance is measured in standard 
nanometres (nm) but Angstroms (Å) are used in connections with film deposition rate.  
Our sputtering equipment is of American design and measures pressure in Torr or mTorr. Again, 
wider research community seem unwilling to abandon this unit and so it is used here too. 
Chapter 1: Introduction 
5 
 
The following is a table featuring units used in this work and their values compared to SI system, 
should the need arise for the reader to convert them. 
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 Experimental techniques 
 
 Plasma sputtering 
 
This section describes the main method of thin film fabrication used in this project - Magnetron 
Plasma Sputtering. Defined are the core principles associated with this technique as opposed to 
actual film formation, to which a separate chapter is devoted later in the document. 
 
 Background 
 
The process of coating one material by another has been evolving since the Egyptian times [1]. Back 
then, hammering or gilding were the only known methods of achieving a very thin layer of films. 
Introduction of chemical procedures much later allowed for high quality film production and scaled 
down their thickness further. Nowadays, with the rise of modern technological systems, there is a 
myriad of suitable processes available for material coating such as, electrochemical deposition [2], 
chemical vapour deposition [3], molecular beam epitaxy [4], or pulse laser deposition [5].  
Sputtering is one of the modern ways used for film coating. It allows a good control of deposition, 
essential for comparative studies. Thin films deposited by this technology are of a very good quality 
for several reasons: 
• There is no reactive chemistry needed to assist the coating, 
which aids purity of films, except for oxides coatings where 
a reactive oxygen plasma sputtering process is used. 
• The sputtering takes place in high vacuum environment, 
which decreases deposition times and, thanks to a larger 
mean free path, improves directionality of sputtered 
atoms travelling towards a substrate. 
• Possibility to coat with insulating materials. 
In sputtering process, gaseous ions in plasma are used to bombard a target material to release 
atoms from its surface. Target is a material to be used for coating. Depending on the energy of 
colliding ions, different situations may occur. In low energy impacts a simple momentum transfer 
Figure 2.1: Plasma sputtering 
system made by Kurt J. Lesker 
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takes place until energy is dissipated. But 
with higher energies, there may be a 
larger than work function energy (energy 
that holds atoms at the surface), 
transferred to an atom causing it to be 
ejected from the target, leading to 
sputtering effect [1]. To the more  
energetic ions, the target atoms will 
appear stationary in comparison and this 
sets up a train of collisions within the 
target. Such impacts can sputter clusters of 100 target atoms caused by a single ion [6], which leads 
to an increased sputter yield. Released atoms are free to travel towards a substrate where they 
land and form a film.  
 
 Vacuum 
 
Fabrication of nano-films by sputtering is carried out in a clean environment of a vacuum chamber. 
Any molecules of air present in the system during deposition would alter quality and even 
composition of films. Evacuated chamber helps to prevent such contamination and it is necessary 
to sustain plasma for ion production. 
In a closed container, such as the vacuum chamber, molecules of gas are travelling at random 
directions, bouncing off the walls and from each other. The average distance a molecule moves 
from one collision to another, mean free path (𝜆mfp), affects deposition rates and to a large extent 
the growth of film. The lower the pressure of the system, the longer the mean free path. This is 
desirable for film deposition as it ensures that sputtered particles move to a substrate without 
deflection of chamber walls or other gas molecules.  
Any sputtering system must have an appropriate setup to reach and maintain low pressure 
environment. This means it has to be able to deal with physics of gas flow under different 
conditions, when pumping down the chamber.   
When a gas moves from high to low pressure environment it can do so in two different ways. At 
high pressures, molecule-molecule collisions are dominant, and flow of gas loosely resembles 
movement described by fluid mechanics [1].  At low pressures a molecular flow occurs in which 𝜆mfp 
Figure 2.2: Iron target showing eroded ring, distinctive sign of 
magnetron plasma sputtering technology. 
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is very large and kinetic theory governs the molecule transfer. Therefore, a construction of gas 
transport system is designed to reflect varied characteristics of gas flow. Usually 2 separate pumps 
are used in systems where Ultra high vacuum 
(UHV) is desired. First, a roughing pump, often 
a standard mechanical rotary type, brings the 
chamber pressure down low enough for the 
second, molecular pump, to carry on pumping 
to UHV. In the system used for this project a 
rotary pump made by Edwards is used to bring 
the pressure down from atmospheric to 5x10-2 
Torr values in the chamber. Then the system 
switches to a turbomolecular pump, with the 
rotary pump backing its output. 
Turbomolecular pump is a type of compressor 
with stators and rotors stacked in close 
proximity to one another as seen on Figure 2.3. 
Rotors are turning thousands of revolutions per minute. Gas molecules caught by the top rotor are 
guided by angled blades and compressed to lower stages. Stator discs help the molecules to be 
directed towards the next stage. Rotor speed along with gas’ molecular weight play a main role in 
performance of the device [7].  
 
 Plasma 
 
Once the UHV is achieved a flow of gas, usually argon, is established in the chamber and plasma 
initiated.  Gas is naturally an insulator but if enough energy is added to it, electrons will escape their 
parent atoms, and the gas begins to glow. The ionization process makes the gas responsive to both 
electric and magnetic field. This is due to neutral atoms separating into positive ions and negative 
electrons. This mixture of particles is called plasma. 
The simplest way of creating plasma is to enclose a gas in a vessel under a small pressure. Have two 
electrodes inside, located far apart, facing opposite each other, and have them connected to a DC 
voltage. Free electrons at the cathode will be accelerated towards the anode by the present electric 
field. If DC voltage is low, electrons produced will create a very small current not capable of 
generating secondary electrons required for plasma.  
Figure 2.3: Turbomolecular pump - rotor view, showing a 
turbine-like structure designed to guide gas molecules to 
the output through the system of discs. 
(Source: www.vacareo.com) 
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However, If DC voltage is high enough, an 
electron will gain enough energy to knock 
out another electron occupying neutral 
gas atom, making 2 free electrons in the 
system. In this fashion, more and more 
electrons ionize gas atoms. Lighter 
electrons move much faster toward the 
anode compared to heavier ions 
transitioning in the opposite direction, 
resulting in electron avalanche [8]. This 
can be viewed as a chain reaction where 
more and more electrons are produced 
leading to increase current in the system 
as shown on the Figure 2.4.  
This process was described mathematically by Townsend. If we were to take an imaginary slice of a 
vessel, dx, then the increase in the rate of electrons, dN, over distance dx can be written as,  
𝑑𝑁 = 𝑁𝛼 𝑑𝑥 (2.1) 
where N is the amount of electrons arriving at the slice, α is a Townsend coefficient referring to a 
number of ionising instances over 1 cm distance in direction of el. field. If distance x from cathode 
equals 0, N=n0 (amount of electrons produced by the cathode), then after integration: 
𝑁 = 𝑁0𝑒
𝛼𝑥 (2.2) 
which shows an exponentially growing avalanche effect. Ions are traveling at the opposite direction 
to electrons and some may strike the cathode causing a release of more electrons. This is known as 
secondary emission [8]. This process repeats leading to creation of further emissions or 
generations. The consequence is the gas breakdown. As the current rises, there will be a point when 
neutral atoms produce the same number of electrons as the number of electrons causing their 
ionisation. This development begins to support itself, its existence is independent of primary 
electrons, and the typical plasma glow appears. The process is accompanied by a voltage drop in 
response to increased current.  
Plasma is not only dependent on voltage applied but also on the amount of gas present in the 
system. In the case where mean free path of gas particles is too long, no collision will take place to 
Figure 2.4: Depiction of 'snowball effect' leading to a gas 
breakdown. An energetic electron ionizes neutral gas atom 
resulting in ejection of two electrons. This forms a chain 
reaction. 
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create the avalanche effect. If the mean free path is too short, electrons will not achieve required 
kinetic energy to ionize neutral gas particles.       
Plasma glow is not uniformly distributed between the electrodes. It has dark and bright regions as 
shown on Figure 2.5, depending on the distance from the cathode. Sputtering equipment is usually 
design in such way that substrates lie in the negative glow region, where secondary electrons and 
neutral particles recombine [1].   
 
 Sputtering   
 
There is a number of sputtering methods in existence, which later became predecessors to the 
popular and preferred magnetron sputtering. These are briefly described below.  
 
DC sputtering 
This method, also known as DC cathode sputtering, is the earliest type of this technique. Evacuated 
chamber contains two electrodes parallel to each other; negative voltage plate that serves as target 
holder and positive plate holding the substrate, depicted on Figure 2.6. Direct current in kV region 
is connected to the plates, with the process gas, usually Argon, introduced to the chamber. Then 
the electrical discharge is maintained. A pressure above 1.33 Pa is needed to sustain discharge [9]. 
In this environment, positive ions accelerate toward the cathode where they dislodge its atoms 
from their lattice positions. Freed up particles, which are mostly electrically neutral, travel through 
the discharge and deposit on the anode - the substrate. This setup is very simple, but deposition 
rates are very low and cannot be rectified by other means. For example, raising argon pressure in 
Figure 2.5: Highlighted regions in DC discharge. Source: reference 1 
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the chamber would contaminate target faster, leading to higher currents thus lowering mean free 
path for target atoms. Many sputtered atoms will be randomly directed towards chamber walls as 
the result. 
 
AC Sputtering 
Previously described DC sputtering requires conductive plates in order for the positive ions to 
accelerate towards cathode. Sputtering of a dielectric material in this way is practically impossible 
due to very high voltages required. If, for example, we were to coat a glass with resistivity ρ in 
orders of 109 Ω-cm [10], then the potential of V = ρjd = 100 000 V (where d is thickness of glass) 
would be needed to run 1 mA/cm2 current through it. Such voltages are purely impractical due to 
arcing problems. There are materials that would require even higher energies.  
Inability to coat non-conductive materials with DC sputtering technique has led to experimenting 
with alternating current. This is typically in 13.56 MHz frequency [11]. In positive half-cycle, the 
target is negatively polarized and attracts gas ions hence aiding the sputtering process. In the next 
half-cycle, polarity changes and ions, together with the source atoms, are ejected from the target 
for substrate deposition. Difference in mass between electrons and ions causes disparity between 
responsiveness of these particles to RF field. Lighter electrons are moving faster to anode than ions 
are to cathode. In order to sustain the sputtering process, it is necessary to have negative bias on 
the cathode. This is achieved by matching network system, which can be crudely simplified as a 
variable capacitor connected in series to the cathode. Impedance matching is vital because of 
Figure 2.6: DC sputtering diagram 
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plasma’s capacitive and resistive properties [1]. After this treatment, the whole process can be 
treated in the similar way as in DC setup. 
 
Magnetron sputtering 
Previous methods have many disadvantages, mainly the low production of secondary electrons to 
make more energetic plasma. This problem has been answered by magnetron sputtering technique 
that introduced magnetic field into the system as shown on Figure 2.7. Permanent magnet is 
positioned beneath the target and its field lines cut the e-field perpendicularly. In addition, the 
anode is much closer to the target than it is in the case of DC sputtering. This configuration keeps 
the secondary electrons close to target, increases plasma density, thus promoting efficient 
sputtering. Raised temperature at the target is channelled out via water cooling.  
 
The principle 
Magnetically assisted sputtering [12] is similar to cathode method but with many advantages. 
Magnets located beneath the target configure magnetic field into endless racetracks [13] in which 
electrons are confined. Both primary and secondary electrons have increased chance for further 
ionization leading to a better efficiency.       
 Figure 2.7: Sputter gun: a cross-section view 
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The phenomenon behind the electron entrapment to the cathode is due to Lorentz force describing 
motion of a charged particle in EM field.  
𝐹 = 𝑞 (𝐸 + 𝑣 × 𝐵) (2.3) 
Since the velocity of an electron is perpendicular to magnetic field, the electron is set to circulate 
around the field line. We can write equation of motion for electron as 
𝑚𝑒
𝑑𝑉
𝑑𝑡
= −𝑒(𝐸 + 𝑣 × 𝐵) (2.4) 
The v × B part of the equation describes the spiral motion of an electron around the field line, whilst 
the E part causes a change in its speed as it undergoes the rotating motion [14]. However, if the 
two components are not at the right angles the electron will follow helical motion in a so-called 
drift direction around the B field. This direction is parallel to both E and B field as depicted on Figure 
2.8.  
In a magnetron setup we have an electric and magnetic field perpendicular to each other. As 
electron leaves the target it will feel the force created by E field pointing towards the target. At the 
same time, it will encounter B field causing it to deflect laterally. Consequently, electrons are locked 
in the tunnel created by EM field and will undergo jump-like motion as they are drifting along the 
surface of the cathode. Larger production of secondary electrons means that plasma can be 
attained in small operating pressures, which is another advantage of the system. There are variety 
of magnetron shapes in industry, but the basic operation principle is the same for all. 
As popular as magnetron sputtering can be, there are some drawback associated with this 
method. In our configuration, we use high strength magnet placed below the target, which is 
necessary when sputtering ferromagnetic materials. This arrangement permits the field to pass 
Figure 2.8: Motion of an electron in magnetic racetrack. The same applies to other shaped targets such as circle 
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through the target, which is needed to initiate and sustain plasma. However, there is a danger of 
the strong magnetic field affecting the formation of a film. The field strength has been measured in 
our sputtering system and was found to be only around 10 Oe as detected at the substrate position. 
The impact is therefore deemed minimal. Further, as mentioned before, magnetron sputtering 
erodes targets unevenly and at a rather fast rate. The thinning of the target influences magnetic 
field strength by increasing it, which could be detrimental to film growth [15]. This negative aspect 
of magnetron sputtering has not been considered in detail for this project as only a small amount 
of material is being used to coat our samples.   
Other common concerns of magnetron sputtering include:  
• Uneven erosion of the target, with only 10-30% of it being sputtered [1] 
• The temperature at the cathode is greater, requiring water-cooling system to prevent 
target fracture. 
• Contamination of the target caused by arcing, substrate flaking etc. [1]. In our system, we 
pre-sputter targets for 2 minutes before the film coating begins. This brings the material to 
temperature and cleans off any contaminants.  
Drawbacks of this method of deposition are counterbalanced by possibility to sputter targets 
previously impossible with other methods. Since ions acquire energies of hundreds of eV [12], 
almost any material can be used as target. Deposition rates are higher with low contamination to 
films. 
 
 Calibration 
 
Measuring thickness of thin films is inherently difficult task due to the deposited layers being in 
nanometre scale. To measure thickness during the actual deposition process is more difficult still. 
One of the popular methods of controlling growth rate in real time is the use of quartz crystal. 
Quartz crystal placed in a proximity of a substrate will be deposited with roughly the same amount 
of sputtered particles as the substrate itself. Oscillation frequency of the crystal will change to lower 
values as its mass increases steadily due to more material being deposited on its surface. Frequency 
change is mathematically linked to the thickness change so the result can be fed to a closed loop 
control mechanism responsible for maintaining the preselected film thickness value.  
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The above assumes that change in crystal’s frequency occurs only because of sputtered particles 
landing on it. However, transient temperature changes can affect the crystal and lead to 
inaccuracies in reading [16]. Such temperature change can happen at the beginning of sputtering 
process when protective screen uncovers the magnetron sputter gun. Values of these errors are 
near impossible to predict but tend to be negligible. The only preventative measure done for this 
experiment was resetting the crystal value prior to shutter opening.    
 
Position of the crystal and calibration 
The above text describes film deposition on the crystal itself, not the sample! Location of the crystal 
cannot be exactly the same as the sample site, but in some place close to it. In a system with many 
magnetrons there may be one crystal accommodating multiple magnetrons. This means, its 
position and distance from each magnetron differs which leads to dissimilar readings for each. That 
is, the thickness of film deposited on the crystal will differ from the actual film thickness found on 
the substrate.   
To account for this geometrical discrepancy, a so called ‘tooling factor’ calibration must be carried 
out first. The following formula is used to link the film thickness deposited on the crystal to film 
thickness deposited on the sample  
 
𝐹𝑡 =
𝐹𝑎𝑐𝑡𝑢𝑎𝑙
𝐹𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
× 𝐹𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (2.5) 
 
,where Factual is the film thickness of the sample obtained by other method i.e. scanning electron 
microscopy (SEM). Fmeasured is the film thickness value as measured by the crystal to be calibrated, 
and Finitial is previous tooling factor; it is set to 100 during the first calibration. A number of 
consecutive calibrations is proposed to improve accuracy of tooling factor.  
A new crystal has a certain frequency i.e. 6 MHz [16] which gets lower with increasing amount of 
sputtered particles deposited on its surface. It must be changed before its lower limit is reached to 
maintain accuracy and to prevent the risk of the crystal breaking in chamber. 
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Experimental result 
A clean microscopic glass placed into plasma sputtering machine, developed by K. J. Lesker 
company, was used as a substrate for tooling factor determination. The substrate was plasma 
etched, followed by deposition of Iron for an approximately 20 minutes. Parameters for Fe density 
(7.86 g/cm3) and acoustic impedance (0.349) were fed into the machine. Reading of the film 
thickness, as perceived by the crystal, was taken after process has finished. This was 222 nm.  
The sample was then examined by SEM and the true film thickness acquired, as pictured on Figure 
2.9. Several measurements on different locations have been taken to establish average film 
thickness value because of large roughness of glass surface.  
Results were tabulated and average value obtained. Substituting all parameters into the tooling 
equation yields correction value of 218.  
 
Table 2-1: Tooling factor: Thickness values of Fe film sputtered on glass as measured by SEM at random positions across 
the sample. 
Reading 
number 
1 2 3 4 5 6 
Thickness 
Value (nm) 
444.3 476.9 500.7 524.0 472.7 487.1 
 
Figure 2.9: SEM images of Fe film sputtered on a microscopic glass 
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 Magneto-Optic Kerr Effect 
 
 Background 
 
The primary means of extracting magnetisation data from thin films in this work was by the 
Magneto-Optic Kerr Effect (MOKE). This method uses laser light to probe a ferromagnetic sample 
to acquire information about its magnetic properties. The main benefit of measuring samples by 
optical means is that the magnetisation is measured only on the sample spot the light shines onto. 
This is different from VSM which considers the sample volume. Other advantages include easy 
construction, relatively low production cost, and speed in which readings are taken. Results are 
usually represented by plotting a hysteresis loop. Since this is a non-contact method of acquiring 
data, the measurements are quick and without damage to the sample. Laser light does not 
penetrate deep into the sample, usually less than 20 nm [17], before it reflects of its surface. Those 
are some reasons that make MOKE amongst the most favoured measuring devices for thin films. 
Negatives include inability to measure value of saturation magnetisation or difficulty in measuring 
thicker films composed of multiple layers.   
At the heart of principle of MOKE is Kerr effect discovered in 1877, which causes rotation of 
polarized light after it has been reflected of a ferromagnetic material [18]. Light can be viewed as a 
transverse electromagnetic wave with magnetic and electric field oscillating perpendicularly to the 
direction of its travel. It can be polarized so that it oscillates only in one certain angle. Upon arriving 
on a ferromagnetic sample, the plane of the light will change its direction, or will rotate slightly, 
based on the state of the material it reflects from. These states can be altered by the direction of 
magnetisation the sample is subjected to and are dependent on the angle between the electric 
component of the light wave and its plane. There are three simplified geometrical configurations 
associated with this effect as depicted on figure 1.   
Figure 2.10: Simplified geometries for Kerr effect, a) polar, b) transverse, c) longitudinal 
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It follows that a non-magnetic sample will simply reflect the light without any change in 
polarization. However, when the sample is magnetised, the electric field part of light reflects with 
a slight rotation of its plane due to the changed optical anisotropy of that material. This rotation is 
due to Lorentz force creating a small component of light perpendicular to the incident plane caused 
by the magnetisation of the sample. Figure 2.10a shows flat, square shaped sample with 
magnetisation directed normal to its surface and parallel to light plane. The other two cases, Figure 
2.10 b) and c) have in-plane magnetisation. Polar configuration is useful or detecting out-of-plane 
magnetisation whilst the other two, transverse and longitudinal, are preferred for detecting in-
plane magnetisation in thin films. A choice of geometry will affect measured values obtained by this 
technique. Moreover, one should bear in mind that samples are being measured at their surface, 
therefore these results can vary substantially from the values acquired with the same material 
scanned in bulk form. Coercivity values are often found to be higher for thin films measured by 
MOKE due to pinning of domain walls [19]. This is closely linked to the roughness effect studied 
here.    
The main principle of MOKE magnetometer is to quantify the magneto-optical response of the 
sample. The larger the Lorentz force component created by the surface of a ferromagnetic film, the 
larger the change in polarisation of the incident light. This component and the incident plane add 
together, causing a fluctuation in the overall light output. The amount of plane rotation or the 
change in the polarisation is directly proportional to the magnetisation. It is important to note that 
MOKE does not measure this rotation directly. Rather, it detects the intensity of reflected light 
coming from the sample and plots this as a function of the external magnetic field the sample is 
subjected to.     
                  
 Instrument design 
 
MOKE magnetometer used in this project is in-house built and designed to work in transverse 
mode, that is, magnetisation is directed in the plane of the sample and perpendicular to the 
incoming light source, Figure 2.10b). The entire setup is photographed on Figure 2.11. Block 
diagram of the instrument is sketched on Figure 2.12. Although any source of light can be used with 
MOKE, a monochromatic laser is the preferred choice. In our case it is He-Ne based laser with 
wavelength 633 nm. The light passes through ‘noise eater’, an electro-optic modulator designed to 
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reduce variation in light intensity. The signal is then polarised by Newport 481-A fine adjustable 
polariser, which lets light through only at one pre-set angle before it reaches the sample. There is 
a device positioned between polarizer and the sample called the ‘chopper’, which is a simple motor 
with rotating fan blades, serving the purpose of splitting the continuous laser beam output into a 
pulsed light. Together with lock-in amplifier, it is an integral part of the system allowing for high 
sensitivity of this instrument and will be discussed later. Sample itself is positioned on a non-
magnetic rotating stage between 2-pole electromagnets driven by KEPCO amplifier/power supply. 
Incoming beam lands on the sample at 45° angle with respect to the sample plane and reflects to 
the analyser under the same angle. Analyser is another polariser filter rotated roughly at an angle 
90° to the first polariser in order to attenuate light coming from the sample. Any light entering 
through the analyser reaches a simple photodiode that converts the light into voltage, which is then 
sent to lock-in amplifier.         
Figure 2.11: MOKE magnetometer - setup on the optical bench (left) and instrument rack (right) 
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 Lock-in amplifier  
 
Laser light that interacts with magnetized sample reflects of its surface with an altered polarization 
due to the sample’s optical anisotropy. The angle of rotation of the reflected beam is very small. 
Because of the tiny changes in polarisation, the light detected by photodiode is also very small, 
which puts a high demand on accuracy of the setup. Lock-in amplifier is therefore used to deal with 
the tiny voltage changes. It is capable of isolating a weak signal from background by synchronising 
itself with the beam chopper and ‘listening out’ for the signal at that frequency. 
Lock-in amplifier works similarly to AC voltmeter, in that, it listens for a small voltage on its input 
port. Much larger signal (reference voltage) of the frequency we intend to listen on, is supplied 
externally through the chopper in the MOKE setup. Lock-in amplifier than compares signals from 
both sources and uses the reference signal as a trigger to take measurement of the voltage on its 
input port. What distinguishes this device from a standard AC voltmeter is the fact that AC 
voltmeter measures the sum of all voltages on its input, whilst lock-in amplifier rejects any voltage 
with different frequency and phase.  
Both, the reference and input signals are multiplied together and mean value, the DC component 
of the resultant signal, is established by low pass filter and compared to zero [20] as shown on 
Figure 2.13. This process eliminates signals with different frequencies, which means, that lock-in 
Figure 2.12: MOKE - schematic diagram 
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amplifier is also sensitive to phase shifts [21]. This ensures that an input signal having the same 
shape as the reference one will still be filtered out if it is out of phase.    
 
    
 Measuring process 
 
All samples in this project were of a similar size, less than 1 cm2. Mounting them on the holder was 
initially tried with a thermal paste. In this way affixed thin films were found to be moving slightly 
on the holder during measurements which caused otherwise unexplained spikes in resultant curves 
or even curves not resembling hysteresis. It was found that Kapton tape cut into thin strips, applied 
to the edges of tested films were stable enough. The holder was then moved into position in 
between the magnets. The bracket supporting analyser with photodiode was carefully aligned with 
the reflected beam. Fine adjustments to the analyser were needed on occasions so that the light 
detected by the photodiode was a 
fraction above the minimal value. This is 
to allow for the mean level of 
demodulator output in lock-in amplifier 
to move into lower positions if needed 
(Figure 2.13). All tests were performed 
in quiet, dark room to maximise 
accuracy in measurements. The optic 
sensitive part of the setup is mounted on 
the anti-vibration table. The instrument 
Figure 2.13: Signal processing at the Lock-in amplifier, a) Phase shifted, no signal being measured. b) Signals In-phase, 
positive value detected. 
a) b) 
Figure 2.14: Screenshot of the labVIEW software environment. 
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is fully automated by a computer operating LabVIEW source code scripted by Melvin Vopson as 
seen on a screenshot in Figure 2.14.  
The software executes the sequence by saturating the sample to a user predetermined magnetic 
field by applying voltage to electromagnets via power supply. Following is a gradual voltage 
decrease to negative values to saturate the sample in opposite polarity. Then, the magnetic field 
sweeps in reverse direction and measurements ends. The voltage sent to the electromagnet and 
the voltage received at the photodiode are plotted on the graph at regular intervals. This is 
controlled by a ‘Step Time’ parameter, governing a frequency of data acquisition in milliseconds. 
Apart from other options, there is a possibility to set a ‘time constant’ in milliseconds, which 
controls a delay of data being read by the software after the signal has been sent to the power 
supply. These values are intrinsically linked and form critical setting affecting M-H loop. The smaller 
Figure 2.15: A selection of hysteresis loops plotted with different values of time constant. Column 1: Only single data 
points are shown to illustrate amount of detail present, Column 2: corresponding MH loops with data points 
connected 
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the step time, the faster a single measurement will be. The shorter loop time will reduce chances 
of errors appearing due to laser fluctuation, but it decreases amount of detail in hysteresis loops.  
This is critical for testing samples exhibiting narrow hysteresis loops where not enough data points, 
due to incorrectly set time constant, may lead to missing crucial information of magnetisation 
reversal. To find out, a series of measurements with different step time were used to scan a 100 
nm thick pure Iron film coated on Si substrate, tested in easy axis orientation. Figure 2.15 provides 
a comparison of M-H loops scanned with selected 10, 30, 100, 300 time constants. Data in the first 
column shows hysteresis loops made of individual data points, giving a clear indication that smaller 
time constants causes some crucial details to be lost particularly in the critical part of the 
measurement, that is, when magnetisation is switching its polarity. Advantage of low value time 
constant is the fast scanning rate of about 20 seconds. This fact is positively reflected on curve 
symmetry as seen on corresponding graph plotted with continuous line in column 2. Time constant 
of 300 ms offers sufficient number of data points, but longer scanning time of almost 90 seconds 
permits laser instability to appear on the graph in the form of improperly closed loop. Based on the 
results above it was decided that 100 ms time constant offers most favourable scan time preserving 
an acceptable quality of loops. All graphs presented in this thesis are scanned using this setting. 
 
 Interpretation of results  
 
The MOKE magnetometer offers many advantages compared to other methods of magnetic testing 
but it is unable of measuring the actual magnetisation values of a sample. The voltage recorded by 
the photodiode does not have any direct connection with the amount of magnetisation in the 
sample. The only meaningful way in presenting hysteresis loops obtained by MOKE is to normalize 
the voltage obtained by the photodiode. In this way, it is possible to show ratio of detected 
magnetisation to saturation magnetisation – M/MS. Similar issue is with representing the external 
magnetic field formed by the electromagnets. The LabVIEW program commands the lock-in 
amplifier to output voltage in the range between -1 to +1 V. The Amplifier/power supply multiplies 
the input by the factor of 10 and powers the electromagnets. To correlate voltage output to the 
strength of magnetic field produced by the electromagnets at the point of a sample, we measured 
the field by a gauss meter. Its Hall probe was fixed at the point of laser striking the sample and field 
strength recorded at 40 equal voltage segments in the usual measuring range. Trend line has been 
plotted in Excel and conversion factor extracted in the form of equation as seen on Figure 2.16. 
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Throughout the thesis, all data obtained from MOKE magnetometer are presented as normalized 
against the magnetic field acquired by the above method. 
 
 Atomic Force Microscopy 
 
 Background and principle 
 
Atomic force microscopy (AFM) belongs to the group of scanning probe microscopes. As the name 
suggests, it uses force rather than light to scan surface of a sample. This technique carries certain 
benefits such as possibility to image samples of almost any material types, reveal its magnetic 
properties by detecting magnetic domains or measure electrostatic forces. Since force is involved 
Figure 2.16: V/M Conversion factor determination. Graph of voltage at 
electromagnet vs magnetic field at sample obtained by a gauss meter. 
Figure 2.17:AFM cantilever positioned on a sample with arrows indicating direction of scanning 
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with this method, it can be used for indentation applications [22]. The probe, called cantilever, 
consists of a sharp tip attached to a flat spring. It is moved over the sample surface in raster fashion, 
building up its image based on deflection of the spring, Figure 2.17    
   The working principle of AFM is based on 
molecular force between the cantilever tip and the 
sample itself. The force is not linear as seen on 
Figure 2.18. When the tip and a surface feature are 
at a large distance, the force between them is 
negligible but attractive. With decreasing distance, 
the attractive force increases due to van der Waals 
force but only to a point where short-range 
repulsive interatomic force begins to dominate. 
There is a certain point in which both forces are 
equal. There are two main modes of scanning – 
contact and non-contact mode. Although neither of those allow to truly touch the sample surface. 
Scanning in the repulsive force region is known as contact mode, whilst measurements utilising 
attractive region are classed as non-contact. It is important to note that the type of cantilever and 
the sample being tested play an active role in the force interaction between them. This complicates 
the matter but offers possibility to measure different properties based on the interaction between 
the two, such as electrostatic or magnetic measurements   
 
 Measuring process 
 
Figure 2.19 shows a simplified diagram of an AFM setup. In most configurations, it is not the 
cantilever that moves over the sample, but the sample holder moves beneath it. It usually operates 
piezo electrically, which allows sub-angstrom resolutions [23]. The tip is brought to a close 
proximity of the sample, often only a few nanometres above it, and scans the surface by following 
an imaginary line in x direction, then returns on the same line before it moves a step in y direction. 
The scanning process continues in the same manner covering all lines until desired scan area is 
measured. As the probe travels over the surface, it encounters peaks and troughs emerging from 
it. Depending on those surface artefacts, the cantilever spring will deflect accordingly. The probe 
essentially copies the contour of the sample surface as it travels across it. Whilst the cantilever 
shadows the surface, a laser light shines on its back plate and the beam reflects onto a 
Figure 2.18: Representation of force present between 
probe tip and sample surface 
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photodetector. The cantilever’s small movements are amplified on the detector screen because of 
a difference in lengths the beam has to travel to and from the cantilever. Feedback loop in computer 
system is designed to maintain reflected beam in the centre of detector. It does so by adjusting the 
height of the sample stage accordingly and calculates height of the sample feature by using a well-
known Hooke’s law 
𝐹 = −𝑘𝑥 (2.6) 
, where k is the stiffness of the cantilever spring and x is its measured displacement. Spring constant 
tends to be very small allowing cantilever to deflect under atomic force that it is supposed to 
measure. This can be as low as 10-18 N [24]. 
For accurate quantitative measurements, the spring constant, along with other parameters, has to 
be known precisely. Given the extremely small size of the probe, these have been often estimated 
by theoretical calculation. Actual determination of spring constant by experimental techniques 
usually result in damaging the tip under examination rendering it useless. There are indirect, non-
destructive ways available such as coating the cantilever with thin layer of gold and comparing 
resonant frequencies of the spring with and without the film [25]. In this project, the qualitative 
rather than quantitative properties are sufficient, hence the high precision tips were not required.   
During the contact mode, a separation between the probe and the surface is very small and 
scanning is in repulsive mode. The probe is in constant deflection that is maintained by the 
Figure 2.19: Main parts of a standard AFM setup. Sample stage moves in various directions based on laser 
beam location on photodetector 
Chapter 2: Experimental Techniques 
28 
 
computer feedback loop by adjusting height of the sample stage in order to achieve a constant 
force. This mode, however, can lead to a sample damage due to its close proximity to the tip. This 
can be eliminated by scanning in non-contact mode, during which the tip-sample distance can be 
well over 10nm. In this mode, the probe is always in the attractive force region and vibrates at a 
certain constant frequency. The feedback system then monitors frequency change produced by 
increasing or decreasing sample-tip distance. This method of scanning was the primary means of 
obtaining AFM images in this project. Non-contact scanning mode allowed us to use much stiffer 
cantilevers without fear of sample damage. High resonant frequencies of around 300 kHz offered 
better response at higher speeds of scanning [26]. Inherent lower resolution associated with this 
method, compared to contact mode, was not an issue, as average roughness value is not 
detrimentally affected by the lack of fine detail. Additionally, we are largely interested in differences 
in roughness values between materials as opposed to the actual precise values.      
 
 MFM 
 
As already described, the basis of AFM measurement is atomic scale interaction between the 
sample surface and the probe tip. Such interaction does not have to be restricted to only static 
force. Magnetic Force Microscopy (MFM) relies on stray magnetic field emerging from the sample 
surface. The disadvantage of this method is that the probe tip itself needs to be magnetised prior 
Figure 2.20: MFM principle – sample contour is measured first a), followed by a second scan 
of the same line with the probe tip lifted above the initial set point and following contour of 
the surface topography b). Respective images of a same scan area display different features, 
confirming a good separation of AFM and magnetic measurement.   
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the measurement. This is done practically by running a permanent magnet close to the probe. This 
means the exact magnetisation value cannot be determined and therefore MFM technique does 
not offer quantitative measurements of a ferromagnetic sample. It can, however, display magnetic 
domains structures which is, by itself very useful information. MFM scanning mode must deal with 
an issue of two different forces acting on the probe tip – magnetic force and atomic bonding force 
described for AFM. In order to separate the two, MFM first scans the topography of an imaginary 
line of a sample surface in x direction, as it is with AFM mode Figure 2.20a. Then it lifts the cantilever 
certain height above the original set point and scans the same path again. This time however, the 
feedback loop needed to measure forces between the probe and a sample is switched off and 
instead, the tip follows the height profile recorded during the first scan Figure 2.20b. The extra 
height of the probe in second scan guarantees that atomic forces are minimised, but stronger 
magnetic force is felt by the probe. Separation of the topographic and magnetic image is thus 
achieved.  
This method is easy to use, and no special requirements are needed to prepare the sample. 
However, results are largely dependent on user settings, especially the choice of lift height that can 
vary from material to material. Magnetisation pattern can be lost or be incomplete if this is not set 
correctly. This is also dependent on magnetisation level of the tip and how it interacts with the 
sample itself.     
 
 Vibrating Sample Magnetometer 
 
 The principle 
 
A simple yet effective way of detecting magnetisation of a sample is the use of vibrating sample 
magnetometer (VSM). Its principle is based on Faraday’s law. Schematic diagram on Figure 2.21 
shows a simplified, room temperature version of such instrument. It consists of two pole 
electromagnets shaped with the tapered edge that achieve uniform magnetic field across air gap, 
the area designated for the sample placement. A ferromagnetic sample is attached to one end of a 
nonmagnetic holder, preferably a thin rod, and positioned in the centre between the two 
electromagnets. The other end is attached to a cone speaker or a similar vibrating device. A pair of 
pickup coils located close to the main electromagnets are attached to a processing unit.  
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During the measurement, the vibrating cone oscillates with a certain frequency causing the sample 
to move up and down periodically between the main electromagnets. The main electromagnet 
strength is adjustable and affects the magnetisation of the sample up to its saturation point. 
According to Faraday’s law, a change of the magnetic flux will induce electromotive force (emf) in 
nearby coils. The moving magnetised sample will therefore induce alternating emf, proportional to 
the strength of the magnetic moment. Emf is detected by the lock-in amplifier. The coils are looped 
with reverse orientation to each other to enhance the picked up signal [18]. There is another set of 
pickup coils placed somewhere alongside the vibrating rod, sensing its movement and providing 
lock-in amplifier with the reference signal.  
 
Figure 2.21: Simplified schematic diagram of a vibrating sample magnetometer 
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The VSM used in this project is made by Cryogenic Ltd. The chamber houses main magnets and 
contains helium capable of cooling the system down to around 4K, Figure 2.22. The instrument 
operation is automated by LabVIEW interface. The principle of this equipment is similar to the room 
temperature VSM described above, with the inclusion of temperature adjustments to the 
environment a sample is in. The advantage of this feature will be exploited later for confirmation 
of principles behind roughness effect.  
 
Figure 2.22: Top - Entire VSM setup, Bottom left - screenshot of LabVIEW interface, Bottom right - sample holder 
containing PVDF substrate inside 
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 Data processing 
 
VSM outputs data from various sensors, however we are considering only the main values required 
for hysteresis loop plotting. Those are, the field applied to the sample and emu – the voltage picked 
up by sensing coils and converted to emu units based on the previous calibration. More often than 
not, loops plotted with raw data are rotated slightly around their centre position as seen on Figure 
2.23a. This artefact is produced by the sample holder encapsulating the film sample. The holder is 
made of a thin plastic material supporting a small sample within itself, affixed by a Kapton tape, as 
seen on Figure 2.22. The holder possesses diamagnetic properties that infiltrates into the results by 
skewing the hysteresis loops. Due to much larger size of the holder, compared to the sample it 
holds, its influence is inevitable.  
To get around this issue, an empty holder is usually measured first. Resultant graph, plotting emu 
vs applied field, is expected to show a straight line, sloping down, indicating diamagnetic property 
of the holder. Such base line can be subtracted from any subsequent measurements thus obtain a 
real hysteresis loop. Unfortunately, this type of calibration was not performed on our instrument, 
so any adjustments had to be done post measurement.  
 
Each hysteresis curve is made up of over a thousand points recorded by VSM. Since the slope of a 
base line was not established prior the experiment, it had to be acquired from individual curves. 
This was achieved by averaging a large number of magnetisation data points between saturation 
and remanent magnetisation of an individual curve. Slope, S, of the curve was found by applying 
linear fit in Excel, and given by the usual y = mx + c equation. A new value for magnetisation MNew 
was obtained by recalculating all points on the curve according to a simple formula:  
Figure 2.23: Randomly chosen hysteresis loop plotted using raw data a) and data corrected with base line b) 
Chapter 2: Experimental Techniques 
33 
 
𝑀𝑁𝑒𝑤 = 𝑀𝑂𝑙𝑑 − (𝑆 × 𝐻) (2.7) 
,where MOld is the original magnetisation value of the curve being corrected and H is the value of 
applied field at that particular point used during measurement. Figure 2.23 shows a randomly 
chosen hysteresis loops plotted using raw data and the same curve corrected for base line.  
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 Film Growth and Magnetic Properties 
 
 Thin Film Structure 
 
The first part of this chapter describes processes involved in thin film formation, which are central 
to this project. The second part introduces magnetism, the added complexity around which the 
whole project evolves.     
 
 Basics of film growth 
 
Thin films can be developed by variety of techniques but essentially, they form by impingement of 
individual atoms or clusters of atoms to a substrate. The way in which individual atoms adhere to a 
substrate and carry on building successive layers has already been studied in detail, resulting in 
characterisation of the three main possible growth modes. If the particles of newly deposited film 
are attracted to each other more than they are to the substrate, they will form isolated clusters on 
its surface. This is called Island growth. But If a stronger bond forms to the substrate rather than in 
between the particles themselves, the resultant structure will be a single layer in a plane of the 
substrate. The subsequent layers then carry on building up on top of the previous ones. Bonding 
between the layers is not strong in this case. Finally, the combination of the two aforementioned 
growth styles is Stranski-Krastanov mode, in which the film begins to form layers but switches to 
island mode at certain thickness shown on Figure 3.1          
Figure 3.1: Nucleation process of thin films - growth modes 
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Many film deposition techniques operate by means of sending particles in the direction of a 
substrate in more-less random directions. They first appear as scattered across the substrate 
surface, Figure 3.2. With increased density of these isolated entities, the nucleation process 
continues by merging the units together. This stage increases substrate coverage but 
simultaneously creates more space for additional nucleation. The progression resembles fluid like 
behaviour. Following is the appearance of even larger sections with natural formation of empty 
canal-like structures separating them. With more particles added to the system, a uniform film layer 
is eventually made, continually increasing in thickness.       
No substrate is perfectly flat and will play an active role especially in behaviour of the first layer 
forming on it, which could be only around 15 Å thick [1]. Its unevenness can restrict freedom of 
movement of deposited particles in one or more directions. The growth of an isolated island will 
then develop a certain pattern or orientation [2].       
Particles landing on the substrate have a certain energy associated with them and will dissipate it 
usually by their mobility on the surface. Lower energy particles will have reduced mobility and tend 
to form long columnar structures, growing perpendicularly to the substrate surface or they may be 
developing in some angle as dictated by the direction from which particles are arriving [1,3].  
Surface plane also develops a structure called grains. These are important feature in polycrystalline 
thin films and affect film properties. Grains can be seen as areas with different, fixed 
crystallographic orientation separated by a grain boundary. Atomic bonding on grain edges are 
naturally more energetic due to loose ends, which is similar to an atom positioned on an edge of 
material. Grain size changes magnetic properties of thin film, and it is therefore considered in this 
project. Grains can assume some preferred crystallographic orientation, but they can also be 
induced by the method of film growth. For instance, a film deposition under influence of high 
Figure 3.2: Growth of film explained pictorially in time-lapse. Nucleation stage is followed by coalescence and final 
formation of a film 
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magnetic field was found to promote columnar structures in Co film whilst reducing the grain size 
[4]. This lowered coercivity of the said film and increased magnetic saturation. Thin film morphology 
or prediction of grain size can be complicated, although technologies are developed to control grain 
growth during film deposition [5].    
 
 Influence of sputtering 
 
As it is with any deposition method, sputtering directly impacts thin film structure and its 
properties. One cannot expect to simply start the process without prior thought and get the film of 
a desired quality. Two main factors are responsible for alteration of film characteristics when using 
this technique; sputtering pressure and sputtering power. These variables alone are linked to the 
chamber base pressure, substrate-target separation, substrate temperature, geometrical setup of 
a chamber etc. Sputtering process uses Ions to bombard a target, however, random nature of 
plasma means that some of the ions will travel towards the substrate and impact newly developing 
film. This may decrease its porosity due to collisions with already laid atoms. Particles may be forced 
to diffuse around their current positions and fill a void that inevitably do appear in certain areas of 
the film [1].  
Because of these complicated relations, one recipe for film production works in one sputtering 
setup but may not yield the same result in other. This fact places an emphasis on accuracy of sensors 
and actuators in the system as a slight deviation form pre-set values changes the final product.  
 
Sputtering pressure 
Argon is the most used sputtering gas for majority of deposition systems. It is a noble gas, which 
means it does not chemically react with the material used for coating. This guarantees the sputter 
process being of the physical type, not the chemical vapour deposition. During sputtering, the gas 
is normally flowing into the chamber and out to the vacuum pump at a constant rate. This ensures 
that impurities with a potential to detrimentally affect film quality are filtered out. Gas pressure 
has a determining effect on the film growth. As target particles are sputtered, they have to cross 
the target-substrate distance in order to impinge on the substrate. Argon pressure will determine 
the mean free path for these particles thus regulate how energetic they will be on arrival to the 
substrate. Shorter the mean free path is (i.e. higher sputter pressure) the less energy will the 
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particles have on contact with the substrate. The combination of less mobile particles with large 
number of collisions with argon gas means that more of them will land on the substrate at various 
angles, which encourages better step coverage. However, such condition may lead to a tensile 
stress inducing in deposited film. Contrary to that, a lower argon pressure means less scattering of 
sputtered particles of argon naturals, leading to their higher mobility on substrate. This promotes 
compressive stress evolving in deposited film. 
Stress in films can arise from several sources. For instance, thermal expansion coefficients of a 
substrate and that of the sputtered particles often vary. Similar to that, substrates can be kept at a 
room temperature, just like in this project, however, sputtered particles are much more energetic. 
These facts is predicted to cause thermal stress in the newly laid film [6]. Stress is also likely to come 
from defects arising internally, usually caused by grain boundaries or by lattice mismatch. Residual 
gasses are likely to become a part of the film because of a lack of precise control of particles 
contained in plasma. Stresses can be alleviated by altering temperature of the substrate during 
sputtering or by the post deposition temperature annealing. Since the pressure has such significant 
impact on film structure, it will correspondingly influence its magnetic properties. As mentioned 
before, the energy of sputtered particles can be adjusted / reduced by increasing the process 
pressure 
 
Sputtering power 
Power is the second biggest influential variable in sputtering and does affect the stress in films in a 
similar way to sputtering pressure. Greater power will add kinetic energy to particles, which will 
affect their behaviour at the substrate. Not surprisingly, sputtering power is directly linked to the 
rate particles deposit on the substrate.  
To find what effect the power setting has on samples in our project, we have coated NiFe on Si and 
Kapton substrates at equally spread power values, ranging from 25W to 100 W. We kept process 
pressure at the constant 3 mTorr for all power settings. To evaluate, hysteresis loops were acquired 
by a room temperature MOKE magnetometer and their coercive field values compared.   
We detect no change in HC fields in films coated on Si with respect to power used (result not shown). 
However, we noted a visible variation in HC field measured in films coated on Kapton at different 
power setting, as seen on Figure 3.3. The reason for this unusual behaviour is linked to the 
roughness effect, which is central to this project. We have studied correlation between sputtering 
power and substrate roughness, and it is explained in detail in result section. Here, we only consider 
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influence of sputtering power on the film growth itself. From the graph we learn that coercive field 
increases with the power followed by its sharp diminishing at the highest 100 W mark. We note 
smaller HC fields at both extremes of the graph. Also indicated is growth rate recorded for individual 
powers, which scales nearly linearly with the power used. This is consistent with a theory in that a 
larger electric field gives more energy to argon ions, which in turn increase sputter yield [7]. It also 
means more sputtered particles in the system thus better probability of them reaching the 
substrate [8].     
Reason for sudden drop in coercivity at the highest 100 W power can be explained by a change in 
structure of the film. At very high powers, sputtered particles have too much energy when arriving 
on the substrate. Orderly crystal formation is inhibited due to particles excessive movement on the 
substrate, which also encourages formation of large grains [9]. Moreover, the crystal structure is 
damaged by these high-energy sputtered particles as well as by stray argon ions, which negatively 
affect magnetic properties of the film.   
The above findings are backed up by a study reported by Srinivas et.al, in which Co2FeSi film was 
sputtered on Si substrate and effects of pressure and power on its structure investigated. Surface 
roughness increased with pressure but not with power. The grain did increase slightly in size with 
both influencing parameters. Furthermore, grain structure has changed from spherical to columnar 
especially with the influence of power [10]. They concluded that there seems to be an optimal 
power in range between 50 -75 W for their particular system setup. In addition, optimizing these 
parameters had a great impact on magnetic properties of their films. They found that a careful 
Figure 3.3: NiFe deposited on Kapton substrate. Illustrated is coercivity change 
based on sputtering power. Number appearing by data points indicate growth rate 
in Å/s  
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balancing of pressure and power could achieve the same composition of the film as that of the 
target.  
Based on the above research, and our experimental trials, we chose 60 W power and 3 mTorr 
process pressure settings for most of our sample deposition.   
 
Measuring stress 
Variation in sputter parameters in coating process will affect mechanical properties of films. These 
changes modify the amount of stress or strain in the film but can also shift stress to strain and vice 
versa. Even if one tries to strike a middle ground between the two in the hope to avoid any type of 
mechanical force present in the sample, it is almost impossible to develop a truly stress-free film. 
In this project, thin films are in order of tenths of nanometres thick, whilst substrates measure in 
micrometres. This means that even our flexible substrates will not be appreciably influenced by 
these external forces. It has been experimentally found that thick substrate significantly reduces 
curvature of the film [11]. Stress often leads to lower quality films that manifests as deposit peeling 
of a substrate. This effect can be counteracted by thermal annealing post-deposition, however, this 
method is not suitable for films consisting of a polymer substrates due to their lower melting points. 
Internal stresses in films are caused mainly during their formation and may not even be related to 
substrate. They arise at interface between substrate and the film being formed. In the case of metal 
films, stresses are often larger in sputtered films when compared to other techniques such as 
evaporation [1]. Estimating stress formation during sputtering is complicated due to plasma being 
present in the procedure. This environment is difficult to control precisely.  
One of the simple methods for testing internal stress in films is Wafer curvature measurement that 
relies on the fact that stress will cause a film to curve [12]. This can be utilised by a multibeam 
optical sensor technique in which a number of laser beams fire towards the sample form precisely 
arranged locations. Perpendicularly positioned film then reflects the beams towards a detector 
whose purpose is to evaluate positions of received beam paths. If there is a curvature in a film, the 
reflected beams will spread out accordingly [13].   
We achieved a relatively stress-free deposition by monitoring large surface area flexible substrates 
coated without bending or bulging. In this way, we have eliminated the need for stress 
measurement, which was not available to us. Although this is not an ideal way of establishing stress 
in thin films, we predominantly report comparative studies in this project, which ensures, that any 
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residual stress/strain possibly present in films is the same for all samples. In this project, unless 
specified directly in the text, we kept sputtering pressure at the constant 3 mTorr.  
 
 Roughness 
  
Assuming a surface is perfectly flat, sputtered particles flying towards the substrate will arrange 
themselves on it according to stimuli mentioned above. However, the microscopic geometry of 
landing sites is not always the same. Some areas are flat whilst others are sloping at some random 
angles from the normal and vary in size. A particle impinging on one of those slanted sites is an 
equivalent to an oblique deposition at localised level. Furthermore, when considering a larger scale, 
there may be ridges and valleys moulded on substrate surface, resulting in partial fill, step coverage 
etc. Due to these varying surface planes and other artefacts, film coverage will not be uniform in 
the first few monolayers. The immediate substrate-film interface is the key player for subsequent 
film formation. Here, particles reorganise themselves during film growth in attempt to 
accommodate differences in their crystallographic properties with those of the substrate. It gives 
rise to dislocations, point defects and other imperfections. Such combination of non-uniformity and 
small film thickness makes surface properties prevail over bulk. This contributes to an interesting 
nature many thin films possess and their rise to fascinating applications.      
Unequal texture of surface area is inherent to all solid materials, films included, and it is referred 
to as roughness. Textured surface shapes properties of a film grown on it and this justifies the need 
to measure it. But, quantifying roughness proves to be problematic. Statistical methods are the only 
useful approximation we use today.  
There is multitude of parameters describing roughness of a substrate. Each with an emphasis on a 
particular deviation from surface level in mind. Generally, amplitudes of irregularities present on 
the surface are considered and statistically evaluated. Most commonly used parameters are 
average roughness (Ra) and root mean square roughness (RMS). 
Average roughness refers to a method in which a randomly selected line of sample profile is used 
to gather all absolute heights of irregularities in that sample line. All values are then averaged and 
single scalar number obtain to represent roughness [14]. This is mathematically denoted as: 
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𝑅𝑎 =
1
𝑁
∑|𝑦𝑖|
𝑁
𝑖=1
(3.1) 
Here N is number of measurements taken and y is the amplitude height of a surface feature. Whilst 
most used and simple to obtain, Ra has disadvantages that have potential to skew the result 
significantly. For example, it does not differentiate between negative and positive amplitude of a 
surface feature. Figure 3.4 compares a profile of a different surface textures that would give a same 
Ra value, even though a stark difference is apparent. This is detrimental weakness when evaluating 
surface having a regular structure. Fortunately, thin film samples are predominantly composed of 
random irregularities, which lessens the flaw in this method of roughness assessment. The second 
issue with this technique is its low sensitivity when differentiating peaks and troughs from the mean 
line. To overcome this issue, Ten-point height method (Rz) can be used. In this, 5 highest and lowest 
points are established on the sample, followed by calculation of their arithmetical average. In this 
experiment, some films are found to be generally very smooth with random spikes appearing in the 
scan area, whilst others have uniform coarsened texture. Such method would therefore not 
represent roughness accurately in films developed in this project. 
Modified average roughness parameter called RMS amplifies high and low points by squaring them 
first. This method is sensitive to points being further from the mean line thus giving better 
representation of roughness, when compared to Ra [15].           
𝑅𝑞 = √
1
𝑁
∑ 𝑦𝑖2
𝑁
𝑖=1
(3.2) 
Entire surface area is evaluated as opposed to a single randomly chosen line in a sample profile. 
This helps to obtain values more representative of the surface being measured. This became the 
Figure 3.4: An example of two surfaces having a different profile. Yet, Ra value is the same for both.  
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preferred roughness evaluation method for this project. Scan area was chosen to be 5 x 5 µm for 
all samples to avoid macroscopic differences in substrate material that could skew the results. To 
support the correctness of area size, we compared randomly chosen samples scanned in different 
scales. Figure 3.5 shows Si, Kapton and PVDF substrates coated with 60 nm of NiFe film scanned in 
large 360 x 360 µm resolution, followed by the finer 5 x 5 µm scan. Si surface appears uniformly 
smooth in both resolutions, having only sporadic irregularities. Kapton substrate has a distinct 
“bubble-like feature on its surface when viewed in lower resolution. However, this texture is non-
existent in high-resolution scan. Contrary to this, PVDF substrate does appear smoother than 
Kapton in low-resolution image, but 5 x 5 µm scale shows the exact opposite.  
 
 
This illustrates an important point one must address when assessing roughness. Roughness 
parameters depend largely on the actual sample area being scanned and on a selected resolution. 
There are some methods incorporating sample area into roughness calculation such as roughness 
area dependence [16] for instance, but it does not bring added benefits for film surfaces having 
largely a uniform texture. The choice of roughness evaluation method has to be made by the 
researcher targeting a particular interest. He decides what features are to be included in roughness 
measurement. For the reasons outlined above, roughness values for this project where almost 
Si PVDF Kapton 
360 x 360 µm 
5 x 5 µm 
Figure 3.5: AFM scans of Si, Kapton and PVDF substrates covered by 60 nm layer of NiFe film. Scanning resolution 
dictates what features on the surface are highlighted. 
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exclusively evaluated by the RMS method for the entire 5 x 5 µm area. The parameters were kept 
the same for all samples to aid comparative study.  
 
Software processing 
Atomic Force Microscope records data in a raw format that necessitates further software 
processing. These data are output signals from various sensors i.e. voltage obtained from piezo 
actuator. It is up to the user to select one, or a combination of input channels to analyse data. 
Another concern with raw output data is presence of errors associated with the hardware itself and 
the sample positioning. These include drifts in piezo actuators, sample tilting or a line skipped on 
the image. Therefore, in order to establish a suitable image for sample analysis, a further software 
data manipulation is required and this applies to majority of scans. One of the frequent problems 
encountered when imaging samples is a slope of the scanned area. There is a choice of various 
mathematical corrections available to eliminate this problem but inherently each alters original 
data in some way. Simple methods will have a least impact on the original data but may not remove 
an imperfection fully. Complex calculations are able to artificially flatten the surface very well but 
↓ Mean level subtraction 
applied ↓ 
Figure 3.6: Mean level subtraction method demonstrated on 100 Co film 
coated on PVDF. 
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often hinder important details found on the surface due to over processing. Worse still, any 
alteration to raw data is likely to affect roughness values calculated on such surface. 
The simplest way to set a baseline to a data set is through plane correction function. A linear plane 
is computed form all the point present in data, then subtracted. This works well when there is no 
complicated curvature in the original plane as shown in Figure 3.6.  
This method, although very simple, demonstrates rather accurate view of a sample topography, 
also conveying surface features very well. Roughness values are expected to be very accurate in 
this case.  
Often there are samples scanned on the slope as well as having rather prominent waviness within 
themselves. Waviness is the roughness term describing a feature having peak-to-peak distance 
larger than roughness sampling length [17]. It is a structure on a larger scale encompassing smaller 
roughness features. The mean levelling method described above, applied to such topography, 
would alter roughness parameters significantly, as height of the waves would increase roughness 
value. In addition, this levelling method does not correct for “bow effect”, occurring due to circular 
piezo tube, housing the cantilever, which moves along circular path [18]. These sample artefacts, 
together with the non-linear tube motion, can be accounted for by a polynomial fitted to each scan 
line, and then subtracted. Their order is usually set between 1 and 4 and the number does roughly 
determine number of times the fit crosses X-axis. Thus, approximately, the 2nd order polynomial 
can fix an object up to ½ of scanned line [19]. Just as in the case of a simple plane fit, details in 
texture can be lost by over calculating raw data. It follows that increasing order of polynomial 
decreases roughness value.        
Figure 3.7 demonstrates line-flattening technique using polynomials on 60nm thin film of Cobalt 
coated on a silicon wafer. The 0th order equals to an unaltered image where distinctive tilt of a 
scanned area is shown on the corresponding 3D image. No surface features are visible on any of 
the images. The 1st order polynomial flattens the image significantly, revealing details mostly hidden 
on the raw data image. Possibly a speck of dust or some defect caused by plasma etching in this 
case. This level of image processing convincingly presents topography of the sample. Height 
parameters have also shifted to much lower and realistic values. Further processing, the 2nd order 
polynomial highlights fainter features especially on the 2D image. Height values have dropped even 
further in this case. Continuous Increase in order of polynomial will result in flatter looking surface 
but will lead to artificial decrease in roughness values.            
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Data acquisition of AFM data in this project was treated by the second order polynomial fit, to 
account for both circular path of piezo tube and for a slope in the sample whilst largely preserving 
surface texture.  
Artefacts caused by scanning machine operation are unavoidable. These include: 
- Shadow effects appearing next to a large object found on otherwise flat surface plane. 
- Artificial lines covering an image due to acoustic or other mechanical noise existent in the 
room where AFM operates.  
- Dust particle present on sample surface 
Unaltered 
image 
1st order 
2nd order 
Figure 3.7: Line flattening – demonstration of the effect each polynomial order has on an image. 
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Such distortions of an image can be corrected mechanically to a certain degree, either by changing 
a speed of scan and by adjusting a signal gain, or by a software as part of data processing. In both 
cases, roughness values will be affected to a certain level.   
For this project, Park NX10 atomic force microscope has been used to acquire all images. The 
Gwydion software was employed for data processing and analysis. In light of the concerns 
mentioned above, and where possible, the tip sample distance, scanning speed, resolution, scan 
area, and many other processing parameters were kept the same for all samples.  
When evaluating roughness, generally, several places of a sample area have been scanned and 
average roughness established. One has to acknowledge that roughness evaluation is strongly 
dependent on input parameters made by the user. There is an inherent ambiguity in the idea of 
quantifying random surface irregularities by a single digit. Nevertheless, this data can be meaningful 
if all measurements follow the same analytical processes.    
 
 Magnetism 
 
 Basic properties 
 
Following is a brief summary of properties related to magnetism that is key to evaluation of thin 
films in this project. Moving electric charge will create magnetic field/force around it. Whether it is 
a current flowing in a wire or an electron orbiting inside an atom. Like an electric charge, magnetism 
has poles. Hence, when talking about a source of magnetic field, one can imagine this field to be 
emerging from a dipole resembling a miniature bar magnet with field traveling from north pole to 
the south.  
On a microscopic scale, magnetism originates from magnetic moments generated by motion of 
electrons [20]. A simplified explanation of this phenomenon is the view that an electron orbits the 
nucleus, but also orbits around its own axis. Both types of motion are classed as a moving charge 
hence the emergence of magnetic field. Motion of an electron spinning on its axis is restricted to 
spin up or down direction. One can associate this with angular momentum in classical physics, 
having only two directions of force. Magnetisation direction of the whole atom is therefore dictated 
by the motion of electrons, or more precisely, by the vector sum of all its electronic moments. An 
amount of electrons surrounding their parent nucleus varies with atom type, resulting in diverse 
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magnetic properties of the substance they are making. Some materials are ferromagnetic in nature 
whilst other may be para- or dia- magnetic and so on. This is a direct consequence of electron spins 
and moments cancelling each other in the atom. For instance, an atom, such as Argon used as the 
process gas in sputtering systems, has fully filled electron shells, hence all spins and moments within 
it cancel out, resulting in inability of such atom to be magnetised.  
Magnetic strength (p) multiplied by the length (l) of the magnet gives magnetic moment (m), m = 
pl [21]. A quantity of moments m, present in a material, affects the final magnetic intensity for the 
whole sample, therefore, magnetisation (M) is described as M = m/V, to account for the sample 
volume.     
An external magnetic field (H) interacts with magnetic moments in a substance, causing an internal 
field inside it, called magnetic flux (B). A material can either support the H field by increasing the 
number of flux lines, or oppose it. This property of a material is called permeability (µ) and relates 
the two terms as 
𝐵 = 𝜇0(𝐻 + 𝑀) (3.3) 
We can categorise substances into three main types according to the behaviour they present when 
exposed to a magnetic field. Diamagnetic material has a negative µ, as it opposes the external field 
H. Paramagnetic substances have dipole moments randomly orientated in the absence of H field 
but are free to align themselves to it when the field is present. Thus, it supports H field by increasing 
magnetic flux B. Permeability is therefore positive in this case. The last main category is 
ferromagnetism in which a material has permanent moments due to unbalanced atomic spins. 
These spins interact with neighbouring ones by aligning themselves in the same direction. A 
ferromagnetic sample then consist of large volumes of saturated magnetic field regions called 
domains. Permeability in this case is very large.  
Ferromagnetism has been hugely important in shaping our modern world and it is at the centre of 
this project. The three ferromagnetic substances appearing in periodic table, Fe, Co and Ni, have 
been scrutinised and reported in section 4.2. The main benefit that distinguishes ferromagnetic 
material from others is the spontaneous magnetisation or the ability to retain magnetism. Weiss 
has suggested that Ferromagnetism is in fact a form of paramagnetism (FM material is known to 
become paramagnetic above Curie temperature, TC) [21]. He also introduced a concept of an 
internal molecular field, Hm responsible for the parallel alignment of spins in FM material. It is those 
electrons spins in adjacent atoms (their overlapping in 3d shells) that are the key to 
ferromagnetism. Parallel spins, required for FM to appear, depend on interatomic distance 
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between neighbouring atoms and the ratio of atomic radius to the radius of incomplete 3d shells. 
Certain ratios favour spins to align parallel, leading to ferromagnetism in the material.  
The most convenient way of describing a ferromagnetic material is by plotting its hysteresis curve, 
which portrays material’s response to changing external magnetic field. The curve is also known as 
M-H loop because it investigates changes in magnetisation with relation to external H filed as seen 
on Figure 3.8.      
The red dashed line originates at 0 point, which describes a situation where the sample in question 
is not magnetised and there is no external field acting on it. When H is increasing, the magnetisation 
increases almost linearly for a brief moment before it begins to grow at a faster rate. This region is 
reversible state and magnetisation is slow because of materials impurities preventing a free domain 
movement [22]. At this initial point the sample behaves according to its initial permeability value 
and follows the B = µH relation. When H increases further, the size and shape of domains begin to 
Figure 3.8: A hysteresis loop 
Figure 3.9: Domain wall movement during external magnetisation 
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change, see Figure 3.9. Regions with magnetisation orientated with similar direction to the one of 
the applied field will grow in expense of unfavourably orientated regions. This process carries on 
until entire region behaves as a single domain. With further H-field increase, the region will rotate 
to align parallel with the H-field. This microscopic change in the material causes permeability to 
change its value, hence the non-linear response is noted on the graph. At the point of saturation 
(MS), any further increase of H field has no effect on the level of magnetisation of the material.  
A noteworthy property of a ferromagnetic material lies in its response to reduction of H-field after 
it has reached the MS point. The magnetisation does not return on the same initial magnetisation 
curve, instead, it lands on the remanent magnetisation point MR at 0 H-field. Magnetic flux B is 
lagging with its response behind the external field H. The sample remains magnetized. In order to 
reduce magnetisation to zero, the H-field needs to be applied in the opposite direction. The value 
of H that achieves such result is called coercivity. Past this point, the sample begins to magnetise to 
saturation in the similar way as during the H-field increase.  
The overall shape of the hysteresis curve, its position on the axis and values of the points mentioned 
above are vital clues when characterising a ferromagnetic material. M-H loops are used frequently 
throughout the thesis for this very reason.     
There is one subcategory worth mentioning here due to such material being experimented with in 
this project; antiferromagnetic substance is similar to ferromagnetic in the sense that magnetic 
moments are being coupled, however, in this instance the coupling is antiparallel. This causes no 
net magnetic moment if the substance is in its magnetically neutral state.        
 
 Anisotropy 
 
In simple terms, anisotropy refers to an idea that some property of a material changes with 
direction. We talk about magnetic anisotropy when magnetic properties are considered. There are 
several classes of anisotropic terms associated with a magnetic sample and often one type prevails 
over the others. The shape of a hysteresis loop gives a good insight into material property when 
evaluating which anisotropy term is in control in the particular sample. Here, only two main 
anisotropic terms are considered as they play the main part in characterising roughness effect.       
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Magnetocrystalline anisotropy 
This type of anisotropy is linked to the material structure itself. Some elements develop a so-called 
easy axis (EA), which is crystallographic axis that requires a least amount of energy to magnetise 
the sample to saturation [20]. Analogically, a direction requiring the most energy to magnetise the 
sample is called hard axis (HA). This is apparent on hysteresis loop trace and the way it is the sloping 
to one side as seen on an example in Figure 3.10. We can see a randomly chosen Iron sample 
measured in both easy and hard axis. The figure shows that an external field of around 280 Oe 
(point A) is needed for the sample to reach the saturation level in EA, whilst much higher H-field, of 
around 770 Oe (point B), is required to achieve the same point in HA direction. 
A sample with magnetocrystalline anisotropy will have its easy axis directed in the same way as 
spontaneously magnetised domains within it [21]. Only in this configuration, a small applied field 
will cause favourably orientated domains to grow (by virtue of domain wall movement) in expense 
of domains pointing to other directions, Figure 3.9. This decreases magnetic potential energy Ep=-
mH, since magnetic field lies parallel to the domains.   
Figure 3.10: Magnetisation curves of 100 nm Iron thin film coated on Si substrate. Demonstrated is a difference 
between hysteresis loops obtained after scanning the same sample in both Easy and Hard crystallographic 
directions. 
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If one tries to magnetise a material in hard axis direction, the similar situation will occur concerning 
domain wall motion, however, domain rotation may be necessary to align domains parallel to the 
external field. This requires more energy because crystal anisotropy is strongly coupled to the 
domain magnetisation, or orbits of the electrons. In fact, to rotate any domain away from the line 
of EA requires energy called Ea - magnetocrystalline anisotropy energy. In its simple form, for 
uniaxial system: 
𝐸𝑎 = 𝐾𝑢 sin
2 𝜃 (3.4) 
,where θ is the angle between magnetisation M and EA. Ku is anisotropy constant. Therefore, the 
crystal anisotropy is mainly connected with the energy needed to overcome the spin-orbit coupling. 
Alternatively, it can be viewed as a field trying to keep the magnetisation in line with the easy axis. 
Polycrystalline materials, such as NiFe studied in this project, have often no magnetocrystalline 
anisotropy as they contain grains pointed at random direction rather than domains. 
 
Shape anisotropy 
Geometrical shape of a sample can also set an easy axis within it. If one imagines a material with 
no magnetocrystalline anisotropy, as found in polycrystalline samples consisted of grains, we can 
expect no emergence of preferential axis. This would be true for a spherical shape sample having 
isotropic property. However, if a sample has a shape where one axis is longer than the other, then, 
the demagnetising field along the shorter axis will be stronger than that for the longer axis. Thus, 
sample will be easier to magnetize along the longer axis, making this an easy axis direction.  
An energy associated with a specimen having permanent magnetisation in no external field [21] is 
called Magnetostatic energy (Ems) given by 
𝐸𝑚𝑠 =
1
2
𝐻𝑑𝑀 (3.5) 
Here, the demagnetising field (Hd) is responsible for lowering the magnetisation of the sample from 
an initial level acquired by some external H-field. The equation represents an area of a right-angled 
triangle connecting original M state with resultant magnetisation level. 
Potential energy in an applied field is 
𝐸𝑝 = −𝐻 ∙ 𝑀 (3.6) 
The above equation can be re-written for demagnetising field as 
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𝐻𝑑 = 𝑁𝑑𝑀 (3.7) 
,where Nd is demagnetising coefficient. Then the Magnetostatic energy Ems is 
𝐸𝑚𝑠 =
1
2
𝑁𝑑𝑀
2 (3.8) 
Anisotropy constant can be expressed as 
𝐾𝑆 =
1
2
∆𝑁𝑀2 (3.9) 
, where ΔN represents a difference between demagnetising coefficients of hard and easy axis (easy 
axis being geometrically long axis of the specimen). This term will disappear in a spherically shaped 
specimen. This is the reason why thin films are naturally easy to magnetise in-plane. The above 
quantisation of the shape anisotropy has been derived using ellipsoid as it is an ideal shape for 
permanent magnet [21]. It serves only as an approximation to other shapes in which calculation of 
demagnetising field would be very difficult.  
Shape anisotropy is apparent in very small samples, for example thin films studied in this project, 
where there is no formation of domains, creating their own demagnetising field [23]. As it will 
become apparent in result section, roughness disrupts uniformity of the film and consequently 
reduces shape anisotropy.  
 
Surface anisotropy 
Often overlooked but very important, especially for very thin films, is the surface anisotropy. Energy 
of atoms residing at the surface of a film is different compared to the energy of atoms inside the 
material. Their magnetic moments also differ as a result of this symmetry braking. The energy 
difference is negligible in thick materials due to overwhelming number of atoms inside the material. 
But ratio of surface atoms to atoms inside the material in thin films is much smaller, making the 
surface anisotropy significant contributor to overall effective anisotropy, as described by the 
following equation [24] 
𝐾𝑒𝑓𝑓 = 𝐾𝑉 +
2𝐾𝑆
𝑑
(3.10) 
Here KV represents magnetocrystalline and KS surface anisotropies. Number 2 in the nominator 
signifies the two surfaces of the film. The second term becomes significant when the film thickness, 
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d, is small. In ultra-thin films, this term can dominate and rotate in-plane magnetisation to out-of-
plane. In thicker samples, surface magnetic moments are kept almost in line with bulk due to 
exchange coupling but in thin films they can rotate perpendicularly to sample plane if they 
energetically wins , see Figure 3.11    
 
 Exchange bias 
 
Exchange bias (EB) is another type of magnetic anisotropy that deserves a special attention. It refers 
to an interface layer between joined ferromagnetic (FM) and anti-ferromagnetic (AFM) material 
[25]. More specifically, the interaction between the two materials. Whilst physics is still debated, 
much research has been devoted to construction of EB and the ways to manipulate its hysteresis. 
Possible tools include building multiple layers, controlling temperature during field cooling [26] or 
lowering the strength of FM layer by construction of a synthetic antiferromagnet [27]. More details 
on this is section 4.5. 
EB is recognised by a distinctive shift of hysteresis loops on H-axis. The further the hysteresis loop 
is from the origin, the larger the effect. Certain conditions must be satisfied to form exchange bias 
in a sample. The temperature of the ferromagnet must be below Curie temperature so that it 
retains its FM property. Néel Temperature (TN) of anti-ferromagnet must be initially below the 
Figure 3.12: Spin coupling in exchange bias 
Figure 3.11: Magnetic moment re-orientation by surface anisotropy. Partial deflection of moments 
near surface due to their coupling to the rest of material (left). Complete rotation of moments to 
out-of-plane direction in ultra-thin film (right).     
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sample temperature, randomising antiferromagnetic ordering. This setup ensures that only FM 
layer has a definite direction of magnetisation as pictured on Figure 3.12a. Then, when the system 
is cooled down, through the TN in the presence of an applied magnetic field, the FM and AFM 
adjacent layers line parallel to each other, Figure 3.12b. They are now coupled. Magnetic moments 
of remaining layers within AFM material will order antiparallel as expected.   
When the external magnetic field is reversed, the FM spins naturally desire to follow direction of 
the external field but the layer immediate to AFM material resist that rotation. In another words, 
AFM prevents FM spins from rotation due to the existing coupling. The FM spins will eventually 
change their orientation, but this will be at some higher external field than if the AFM layer was not 
present. This will cause a shift of the hysteresis loop in the direction of reverse field, Figure 3.13. 
After switching the external field, or going from the saturation point along the original field 
direction, one finds that rotation of FM layers starts earlier, under smaller field, because AFM layer 
orientated in the same direction as the external field, helps the FM layer to rotate sooner. One can 
view the top AFM layer as an additional external magnetic field pointing constantly to a certain 
direction. 
Quantitatively, The EB shift can be determined from the hysteresis loops simply by adding field 
values at both sides of the loop at the 0 magnetisation level and divide by 2 
𝐻𝐵 =
(𝐻𝐶− + 𝐻𝐶+)
2
(3.11) 
Similarly, the HC value is obtained by  
𝐻𝐶 =
(𝐻𝐶− − 𝐻𝐶+)
2
(3.12) 
The above equations were used to calculate HC and HB fields based on values extracted from M-H 
loop of a randomly selected thin film on Figure 3.13. These are 118 Oe and 145 Oe for coercive field 
and exchange bias, respectively.  
Unsurprisingly, due to a microscopic nature of this type of anisotropy, exchange bias is mostly 
experimented with in thin films. Thickness of both, FM and AFM layers play vital part in how 
effective the exchange bias is. Therefore, the term interface energy per unit area is used to compare 
these systems [25]: 
∆𝐸 = 𝑀𝐹𝑀𝑡𝐹𝑀𝐻𝐸 
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, here MFM represents the saturation magnetisation of the ferromagnet of thickness TFM and HE 
stands for EB magnitude.   
Exchange bias effect is commonly found in recording industry as a part of spin valves structure used 
to read data from a hard disk drive [28,29]. Another, particularly effective application of this 
phenomena is in sensor applications, where the magnetisation of a certain layer in EB system can 
be pinned, making the free layer responsive to external stray magnetisation [30]. As flexible devices 
increase on popularity so is the research in non-rigid exchange bias [31–33]. The phenomenon of 
exchange bias will be discussed in greater length in the result section.  
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 Results 
 
 Plasma substrate cleaning 
 
Cleanliness of substrates in thin film production is of a great importance as it often improves surface 
homogeneity and adhesion of deposited particles. Plasma (discussed in chapter 2.1.3) is commonly 
used in materials industry to decontaminate surface of substrates onto which a film is to be coated. 
Such treatment leaves no residue, associated with conventional chemical methods, and keeps the 
surface structurally unchanged on a mesoscopic scale. A sample grown on plasma cleaned substrate 
often benefits from improved characteristics, because of decreased level of contaminants [1].  
Ion particles in plasma strike the substrate surface and remove foreign particles from it. This 
minimises roughness variances which helps to achieve strong bond between the deposit and the 
substrate [2]. Microscopically, this effect can be viewed as a height reduction of spike-like 
structures, or their transformation into smaller rounded ones. In certain resolutions, these 
imperfections appear completely smoothen out. This physical removal of surface attachments, or 
modification of substrate surface, is controllable by plasma parameters, such as RF power and 
process gas pressure, which regulate energy of ions [3]. It does not involve any use of chemicals.   
RF plasma, used in this experiment, has other benefits besides removing contaminants. It often 
reduces surface state density or improves adhesion of a substrate by fragmenting polymer chains 
[2]. In fact, modification of material properties in this way is the secondary purpose of plasma 
treatment and it is looked at in this project. A choice of plasma gas can also be used to actively 
change substrate surface properties and to create desired chemical bonds needed for subsequent 
film deposition [4]. However, this type of experimenting was not explored here.  Argon gas has been 
exclusively used for this project. 
In this section we examine what effects the plasma cleaning has on various substrates and how 
these propagate to and have impact on properties of NiFe film grown on them. Substrates of choice 
are Silicon wafer, Kapton and PVDF films. These were deliberately chosen for their varied roughness 
but also for their physical structural differences. Whilst Si wafer is solid, smooth and widely used 
material in electronics industry, the other two substrates are flexible, and their surface texture 
differ in roughness values.  
Magnetron plasma sputtering equipment from Kurt. J. Lesker was used for both, plasma cleaning 
and film deposition. This have the advantage of keeping plasma treated substrates in the chamber 
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prior the film deposition thus eliminating any sample contamination to a minimum. To explore the 
effect of plasma cleaning, we have made use of the ferromagnetic properties of NiFe. Hysteresis 
loops obtained from these samples were examined for differences in their shape after various 
plasma cleaning conditions. This let us to indirectly asses any modification to substrates made by 
plasma. We have also scanned uncoated substrates in AFM scanner, before and after the 
treatment, which allowed us to ‘see’ any surface changes.  
 
 Experimental setup 
 
Substrates were cleaned by compressed air before placing them inside the process chamber of 
cylindrical shape with dimensions of 355 x 508 cm. The chamber was evacuated down to x10-7 Torr 
values. Plasma cleaning process begun by partially opening a gate valve located at the entry of 
turbomolecular pump. This allowed for continuous flow of argon gas through the chamber which 
was set to a constant pressure of 15 mTorr. This seemingly wasteful strategy achieved evacuation 
of contaminants liberating from any inside surface during cleaning. The pressure in chamber rose 
to 1.2 x10-2 Torr during the constant gas flow. The plasma was struck by RF generator operating on 
the industry standard frequency of 13.56 MHz and was kept at 75 W throughout the procedure. 
Temperature of substrates ranged between 23-26 C.   
Up to 4 substrates can be mounted on a sample holder located 10 cm above the 5 magnetrons as 
depicted in Figure 4.1 In order to coat one substrate at a time, a rotating ‘shutter plate’ is situated 
directly beneath the samples. This has circular shape covering entire sample holder with a large 
cut-out to expose one sample position at a time. There is an estimated 5 mm clearance between 
the shutter plate and the substrates. Film deposition was performed after the plasma treatment 
without appreciable delay. This meant that freshly cleaned substrates were not exposed to the air 
before film coating thus avoiding oxidisation. All samples received 5 nm layer of chromium acting 
as a buffer layer by using argon pressure of 3 mTorr and DC power setting to 50 W. This was 
followed by a deposition of 15 nm NiFe film, using the same argon pressure at 100 W power. It is 
common practise to apply a thin cap layer to the finished product in order to prevent the sample 
reaction with air upon its removal from chamber. No such protective treatment was used to 
samples on this occasion so that the full extent of plasma can be clearly examined.    
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Figure 4.1: Lateral view of process chamber with annotated key parts. Original drawing by K. J. Lesker company. 
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 Indirect assessment of Plasma effects   
 
During the RF plasma cleaning procedure, the whole chamber glows purple with ionised argon. 
There was a concern that the shutter plate does not block the plasma efficiently from reaching the 
three unexposed samples. Without this confirmation of plasma homogeneity, substrates in all 
future experiments would be in danger of being over-etched, causing their rapid deterioration. To 
test, two substrates of a same kind, where placed on opposite sides on the sample plate, in order 
to have one hidden behind the shutter plate whilst the other was left exposed to the chamber 
through the plate’s cut out. After the treatment, both substrates were coated with NiFe film of a 
same thickness. Five separate batches were made for each set of substrates. These varied by plasma 
treatment duration: 8, 4, 2, 1, 0 minutes. Samples were then analysed by MOKE magnetometer and 
their coercive fields recorded. Comparison between coercive fields of samples having their 
substrate exposed to plasma and samples hidden behind the shutter plate during cleaning are 
shown on Figure 4.2. 
Polymers, Kapton and PVDF, exposed to the plasma show increased coercive fields due to their NiFe 
coating whilst the same substrates hidden from the plasma report no change in HC. This is a very 
clear indication that the shutter plate sufficiently shields unexposed substrates from plasma effects. 
Figure 4.2: Testing shutter plate efficiency. Si, Kapton and PVDF substrates were placed in plasma environment for 
selected time intervals, with one substrate exposed and one shielded by shutter plate. Coercive field values for NiFe 
films subsequently grown on the substrates are graphed. 
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A closer look at shielded samples graph reveals a small but visible variation in coercivities between 
plasma exposure times. This happens to each type of material and may be indicative of some 
plasma reaching samples located behind the shutter plate. The largest variance in data (5.1%), was 
found for the case of PVDF measured with respect to the base value of untreated sample. This value 
is of low significance and well within the experimental error caused by many steps taken in this 
experiment - cleaning, film coating and measurement. Each step introduces its own error. 
Therefore, no cause for concerns. 
Rather striking is magnetic response of films deposited on flexible polymers. Exposed samples graph 
on Figure 4.2 shows a clear evidence of both flexible materials responding to plasma treatment well 
whilst solid silicon does not. This is actually not surprising as plasma cleaning of a polymer type 
materials results in etching process; polymer chains breaking [5]. All materials vary in their 
sensitivity to plasma cleaning conditions. In the case of polymers, a shorter cleaning time may 
enhance the surface properties whilst longer exposure allows for damage by ions. Generally, a 
prolong exposure times lead to increased surface roughness due to chemical reactions initiated by 
plasma. This shows that plasma treatment is an important part in the process of film formation. It 
can be used to actively modify polymer substrates thus directly alter final properties of tested films. 
For solid materials, a significant damage to surface morphology can be inflicted by raising RF power 
and/or increasing the time plasma is in operation. But in general, plasma is primarily used to clean, 
or smooth the solid substrates rather than to alter their surface topography.   
Discrepancies in response to plasma between solid and flexible substrate has fuelled an interest in 
impacts the substrate roughness has on magnetic properties of thin films. This will be closely 
examined in further chapters.      
The 8 minutes treatments have rather negative effect on all three material types, further supporting 
that surface damage took place in such long exposure to plasma. It is worth pointing out that 
substrate temperature rose from 23 to 26°C during the 8 minutes treatment. This however causes 
no concerns as flexible materials tested here have a good thermal resistance of 177 °C and 400 °C 
for PVDF and Kapton, respectively.  
All blue, ‘no treatment’ columns on both graphs reach similar levels indicating that no other 
influences, other than plasma treatment, have contributed to the results. It also proves that testing 
conditions were constant between sample batches. 
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 Direct assessment of substrate surface 
 
To what extent plasma treatment modifies aforementioned substrates was closely examined by 
atomic force microscope. A new batch of samples was made, to exactly match the conditions of the 
first set, less the NiFe coating. 
Figure 4.3 compares optical microscope images (part of AFM device) with resolution of 360 µm x 
360 µm, of the three substrates after plasma cleaning. There is no marked improvement in 1-minute 
long plasma treatment for Si substrate when compared to its virgin state. But the 2-minute 
exposure shows enhancement of Si surface by smaller number of artefacts, followed by 4-minutes 
plasma duration image having virtually defect free appearance. However, during the 8-minute 
exposure of Si surface to plasma, the longest in the test, we witness crater-like structures, possibly 
produced by ions. 
Figure 4.3: Si, Kapton and PVDF substrates scans by optical microscope at 360 x 360 µm resolution. Investigating 
effects, the plasma cleaning duration has on substrates. 
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Obvious differences are seen in topography between solid Si and polymer materials. But in this 
rather small magnification, one cannot make a valid judgement about roughness state for individual 
polymers. There are small, imperceptible differences in surface appearance even between the 8-
minutes plasma exposure and virgin state of a same substrate. Further, surface texture varies 
considerably depending on the choice of scanned location, which makes meaningful comparison 
even harder. 
Atomic force microscope is the better tool for surface characterisation of our flexible substrates as 
it looks at materials on a nanometre scale.  
 
Si – RMS roughness values: 
0 min – 1.4 nm 
1 min – 0.2 nm 
2 min – 0.1 nm 
4 min – 0.1 nm 
8 min – 0.1 nm Figure 4.4: 2D scans of Si substrates by AFM after plasma cleaning procedure, 5 x 5 µm. Microfilms are 
ordered by the time of exposure to the plasma. Also included is table with RMS roughness values ordered by 
plasma exposure time, as analysed later by a processing software. 
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There are 5 scans on Figure 4.4 showing Si substrate after exposure to plasma for 1, 2, 4, 8 minutes. 
The substrate denoted 0 min is virgin unexposed control sample. It shows unknown large structure, 
possibly a defect, bringing RMS roughness values up to a 1.4 nm as tabulated in the same figure. 
The 1-minute plasma cleaning brought the RMS value significantly lower and this trend continues 
with longer exposure times. The 8 minutes cleaning has caused some visible damage to the surface 
as seen on the previous figure taken through the optical microscope, but this does not play any role 
here as area scanned by AFM is only 5 x 5 µm as opposed to much larger 360 x 360 µm used 
previously. Also, the area to be scanned is arbitrarily chosen by the user prior the measurement, to 
select one, that best reflects the overall surface texture. Therefore, any roughness figures are 
always open to interpretation.   
To better illustrate positive effect the plasma cleaning has on solid substrates, 3D micrographs, 
showed on Figure 4.5, were also recovered from the scans, for the 0-, 1- and 4-minutes times.  
Figure 4.5: AFM 3D micrographs for Si substrates exposed to plasma for 0, 1 and 4 minutes. 
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The unexposed substrate, 0-minute image, shows uneven texture featuring a larger structure and 
random spikes, possibly artefacts caused by the AFM. The 1-minute exposure scan is noticeably 
flatter with any objects reaching much lower heights compared to virgin sample. The last scan, 4-
minute exposure, shows the desired uniformly flat surface.    
A different situation is with polymers. Figure 4.6 shows 3D scans for Kapton substrates exposed to 
plasma for 0, 1 and 4 minutes. Kapton sheet used for this experiment is visibly much coarser 
compared to the polished Si wafer. It is therefore not surprising to see large structures present on 
its surface responsible for very large roughness values in micrometre scales. 
After only 1 minute of plasma treatment the roughness dramatically changes to nanometre values. 
Longer treatments, however, introduce prominent waviness to the surface, returning higher 
roughness values, persistent even after 2nd polynomial flattening process. This projects into RMS 
numbers listed in Table 4-1 
Table 4-1: Kapton RMS roughness values: 
Exposure time (min) 0 min 1 min 2 min 4 min 8 min 
RMS (nm) 13 nm 0.7 nm 0.8 nm 4.2 nm 1.5 nm 
Figure 4.6: AFM 3D micrographs for Kapton substrates exposed to plasma for 0,1 and 4 
minutes 
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Piezzoelectric polymer has, when observed by naked eye, large ridges easily felt by hand. Figure 
4.7a shows 3D scan of an untreated PVDF substrate. The surface appears to be uniform in 
nanometer scale height. Such result may, at first, contradict our expectation for large roughness. 
But one has to remember that roughness on micrometter scale can differ considerably from visible 
texture of a material. The ridges and bubble like features are clearly seen on low resolution PVDF 
surface scans, Figure 4.3, but one tries to avoid them when selecting a suitale area to be probed by 
AFM. That is why these structures do not appear anywhere on Figure 4.7, bringing the RMS 
roughness values significantly down. The 1-minute plasma treatment has brought some serious 
structural changes to the material. Small roughness variances visible on previous figure have been 
masked by the prominet waviness created by plasma tretament. This surface modification carries 
on with 4-minute plasma exposure where the waviness peaks even higher, further deforming the 
substrate, giving its surface more rugged look. In this case the RMS value reads 14.3 nm, which is 
Figure 4.7:AFM 3D micrographs for PVDF substrates exposed to plasma for 0,1 and 4 minutes 
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higher than that for the virgin sample, confirming the active material modification taking place 
during plasma cleaning procedure. RMS values measured for PVDF substrate are found in Table 4-2. 
Table 4-2: PVDF RMS roughness values 
     
 
 Conclusion 
 
In this section, plasma cleaning procedure was closely examined to establish how critical its impact 
is to processes planned for this project. We have learned clear benefits this technique brings to 
solid Si substrate by reducing adsorbed impurities on its surface. This has positively reflected on 
diminishing roughness values. A little surprising was modification capability of plasma etching on 
polymer type substrates. We found this type of material to be very sensitive to cleaning conditions, 
although this experiment concentrated only on time period for which the plasma is active during 
cleaning. We also identified a non-linear response of substrates changes to plasma exposure time. 
In other words, some alteration of roughness or waviness always take place, but its severity and 
the onset of it happening varies with treatment time and the material type.  
All materials vary in their sensitivity to plasma cleaning conditions. Solid substrates tent to tolerate 
ion bombardment to a greater degree and the result is surface cleaning rather than etching. As for 
the polymers, shorter cleaning times may enhance the surface morphology whilst longer exposures 
allow for damage by ions and bring significant structural changes.   
For the purpose of this project the data we obtain (roughness values) was sufficient enough, but it 
became very clear that the subject of substrate modification by plasma deserves further, much 
deeper investigation.    
  
 
 
Exposure time (min) 0 1 2 4 8 
RMS (nm) 0.7 3.0 0.6 14.3 5.2 
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 Roughness induced magnetic changes in metals 
 
Experimenting with plasma cleaning technique in previous section revealed a link between 
substrate roughness and magnetic properties of Ni80Fe20 thin film coated on it. We witnessed a 
surprizing response of this film to the variations in substrate surface caused by plasma. Any 
substrate modifications are usually accompanied by changes in its roughness. The assumption was 
that a rough, uneven surface should cause degradation of magnetic properties in the said film. 
Quite the opposite was recorded. NiFe films grown on polymer substrates, having a high roughness 
values, delivered a higher than expected magnetic coercive fields. Further, not mentioned in 
previous section, there was another abnormality observed when plotting hysteresis curves for 
sputtered samples. The M-H loops were sometimes tilted at an angle whilst in other occasions 
remained parallel to y-axis. This resembled behaviour of a material possessing easy and hard axis, 
which was thought impossible as NiFe is known for its negligible magnetocrystalline anisotropy.      
Following is a sequence of experiments whose purpose is to look deeply into the abnormal 
behaviour encountered with NiFe thin film. The search was extended to other common materials 
including Co, Fe and Metglass, to see whether this anomaly is specific only to NiFe. If not, what 
governs those changes in other elements? The plasma cleaning investigation was abandoned for 
the reason of pursuing this new unknown physical phenomenon. Therefore, by simple trial and 
error, we have settled for one plasma cleaning recipe and maintain this for all substrates in all future 
experiments. This prevented errors due to substrate preparation entering our investigation.  
Naturally, the first in the series of experiments was NiFe - Permalloy. This work delivered answers 
to the two key questions: the roughness–coercive field correlation and the emergence of anisotropy 
in polycrystalline NiFe. Those findings were significant to the whole project and generated enough 
material worthy of publication in Journal of Magnetism and Magnetic Materials. The following are 
relevant excerpts from experimental sections of this peer reviewed paper, whose entire text can 
be found in appendix A1.       
 Permalloy (excerpt from published paper) 
 
4.2.1.1 Introduction 
 
… A highly influential control mechanism of magnetism in thin films is also the actual process of thin 
film coating, together with the choice of deposition parameters. In the case of magnetic thin films 
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fabricated via plasma sputtering, it has been shown that the deposition rates [6,7], substrate 
temperature, bias voltage, plasma power, base pressure and process gas pressure have a significant 
effect on the final magnetic thin film’s properties. The list of controllable parameters of magnetic 
thin films is further complicated when one attempts to deposit flexible magnetic thin films. 
Mechanical flexibility of a material is a key property that opens up new possibilities for existing and 
new inventions alike. Flexible thin films are already firmly established in the form of flexible solar 
cells [8], flexible displays [9] and flexible medical or gas monitoring sensors [10–12]. Recently there 
have been a number of studies of magnetic flexible thin films and their properties [13,14], in which 
the flexibility was achieved by depositing magnetic thin films onto flexible substrates. Magnetic 
properties, such as anisotropy or coercive field, often exhibit unusual characteristics in thin films 
compared to that of a bulk material [15]. These can arise, besides other means, from shape effects, 
residual stress created during the film growth or interactions of atoms at the surface. The use of 
flexible substrates further enhances these interfacial effects. A dependence of coercive field value 
on film thickness, for various ferromagnetic materials grown on a solid substrate, has been 
extensively described in many studies [16–18]. A low surface roughness has been linked to a small 
coercive field [19]. Similar to this, recent research involving magnetic thin films coated onto flexible 
substrates has found that both film thickness and substrate roughness play a significant role in their 
properties [20]. NiFe films grown on flexible substrates of different roughness values implied that 
rougher surfaces promote higher coercive fields of the thin film [21]. The proposed mechanism 
driving this effect was explained theoretically by Lepadatu using a modified Landau–Lifshitz–Gilbert 
(LLG) micromagnetics approach [22] and involves a surface induced magnetic anisotropy in 
magnetic thin films by the surface roughness of the substrate. In this paper we report additional 
studies of flexible NiFe thin films. 
 
4.2.1.2 Experiment 
 
LabLine SPUTTER 5 magnetron plasma sputtering from K.J.Lesker [23] has been used to coat the 
Ni80Fe20 thin films onto Silicon (Si) wafer (100) solid substrate chosen as reference, and two flexible 
substrates: a Kapton (50 µm) and Polyvinylidene fluoride (PVDF) (110 µm), respectively. Kapton is 
a Silicon based polyimide with good temperature resistance up to 4000C and popular in many 
applications requiring flexibility and high temperature resistance. PVDF is a flexible piezoelectric 
material very useful for development of functional composites including multiferroic composites. 
The vacuum chamber base pressure for each sample was 1.7 x 10-7 Torr and the temperature of the 
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substrate was monitored and kept constant at 
27 °C during the deposition processes. An RF 
plasma cleaning procedure was applied to all 
substrates using 50W RF power, argon gas 
process pressure of 10 x 10-3 Torr and 2 minutes 
plasma cleaning duration per substrate. All 
substrates were then coated with 5 nm seed 
layer of Chromium (Cr) for improved adhesion. 
The Cr seed layers were all coated using the 
following conditions: Argon gas process 
pressure set to 3 x 10-3 Torr, DC power 50W and 
the growth rate was measured by quartz crystal 
to be around 2 Å/sec. Our Kurt J. Lesker plasma 
sputtering tool is designed to accommodate in 
its vacuum chamber up to four substrates that 
can be coated individually without venting the 
chamber. A carousel holding the substrates 
automatically rotates each substrate to the 
appropriate position above the magnetron target. The system can accommodate five magnetron 
targets (four DC including a high magnetic field magnetron and one RF), which are located at around 
10 cm distance below the substrates carousel. In our initial studies reported in [21], we coated NiFe 
films having the following structure: Substrate / Cr (5 nm) / NiFe (t nm) where Substrate is Si, Kapton 
and PVDF, respectively and the thickness variable was t = 100 nm, 60 nm and 15 nm, respectively. 
Room temperature Magneto-Optic Kerr Effect (MOKE) was used to measure magnetic hysteresis 
loops of all samples. Maximum field of 650 Oe was applied to drive the samples to saturation. MOKE 
signal fluctuation in our particular setup is under 0.1%, achieved by deploying an electro-optic noise 
reduction modulator known as “noise eater”, which allowed us to obtain hysteresis loops in a single 
measurement, without averaging, in less than a minute per hysteresis loop.  
Figure 4.8 a) to 4.8.c) show a comparison study of magnetic hysteresis loops for 100, 60 and 15 nm 
NiFe films, deposited on the three aforementioned substrates. Figure 4.8a) shows that 100 nm NiFe 
thin films display identical magnetization reversal profile and coercive fields of around 67 Oe, 
regardless of the type of substrate used. As the thickness of the NiFe films is reduced to 60 nm, the 
films coated onto Kapton and Si substrates appear to display identical behaviour, while the film 
coated onto PVDF substrate shows a clear increase in the coercive field to 135 Oe (see Figure 4.8b). 
Figure 4.8: Comparison of magnetic hysteresis loops for NiFe a) 
t = 100 nm; b) t = 60 nm; c) t = 15 nm; for Si, Kapton and PVDF 
substrates 
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Upon further decreasing the thickness of NiFe down to 15 nm, a clear trend is observed in which 
both NiFe films coated onto Kapton and PVDF show a significant increase in their coercive fields to 
126 Oe and 306 Oe, respectively, while the coercive field of NiFe on Si remains broadly unchanged. 
This corresponds to 88% and 356 %, respectively enhancement of the coercive field of NiFe thin 
films when compared to those deposited onto Si substrates. These initial results were connected 
to the substrate roughness values [21], in which it was suggested that surface roughness may be 
responsible for the coercive field enhancement due to a surface induced magnetic anisotropy, as 
shown theoretically by Lepadatu [22]. This is further supported by the thickness data that shows a 
total cancelation of the effect for thicker (100 nm) films in which the nano-scale substrate 
roughness effects are negligible, and a gradual emergence when the thickness is reduced and the 
surface roughness begins to dominate. A maximum effect appears to be achieved when the film 
thickness is of the order of magnitude of the surface roughness.  
Hence, to clarify this aspect, we focus our studies on the thinner NiFe films where the surface 
roughness effect appears to dominate. If a surface roughness induced magnetic anisotropy is 
indeed responsible for the observed results, this should be identifiable in the magnetic hysteresis 
data via the emergence of hard axis (HA) and easy axis (EA) magnetization reversal profiles. To 
prove this experimentally we fabricated a new set of NiFe 15 nm thin films using the same 
deposition conditions as described above. However, in order to optimize the deposition process, 
we have varied the DC sputtering power, which resulted in a variation of the thin film growth rate 
from 1Å/s at 25W power to 3.8Å/s at 100W, as shown in Table 4-3.  
Table 4-3: Deposition conditions and code names for the 15 nm Ni80Fe20 thin films. 
 
 
 
 
 
 
DC sputtering Power 
(W) 
Sample code names 
(Substrate = Silicon, Kapton, PVDF) 
Grow rate 
(Å/s) 
100 Substrate_100 3.8 
75 Substrate_75 2.9 
50 Substrate_50 1.9 
25 Substrate_25 1.0 
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The samples structure is: Substrate / Cr (5 
nm) / NiFe (15 nm), where Substrate is Si, 
Kapton and PVDF, respectively. Table 4-3 
shows the samples code names and their 
deposition conditions used as variables. 
Surface morphology and substrates 
roughness were evaluated using a Park NX10 
Atomic Force Microscope (AFM). Each 
measured area was 5 x 5 µm using a non-
contact scanning mode and XEI software was 
used to process the data and to extract the 
average roughness values.  
 
4.2.1.3 Results and discussions 
 
All three substrates used in these studies 
have a very different surface roughness with 
average roughness values, Ra, for Si of 
around 2 nm, Kapton around 5 nm, and PVDF 
of around 8 nm, as also previously reported [21]. However, these are the values before substrate 
plasma cleaning procedure is deployed and we observed a surface roughness modification of the 
substrates after this process. Hence, we retested our substrates immediately after the plasma 
cleaning procedure in order to get a more accurate value of their surface roughness in the final 
samples. Figure 2 shows the 3D topography of our substrates after the plasma cleaning procedure, 
measured with an AFM in non-contact scanning mode. After plasma treatment, average roughness 
of silicon substrate decreased to Ra = 0.6 nm, flexible Kapton reduced to Ra = 2.2 nm and PVDF 
roughness became 6.8 nm (see Figure 4.9). A closer examination of Figure 4.9 clearly indicates a 
distinct ‘wave-like’ character of PVDF substrate roughness, where the material surface shows a 
number of deep ridges not uniformly levelled and not seen in the other Kapton and Si substrates. 
It is important to mention that these values are very much susceptible to the plasma cleaning 
process in terms of plasma power and most importantly the duration of the Ar plasma exposure. 
This process also affects materials in different ways depending on their structure. Solid substrates 
such as silicon wafer tolerate ion bombardment to a greater degree and the result is surface 
Figure 4.9: AFM images for all three substrates after plasma 
cleaning. a) Silicon; b) Kapton; c) PVDF. 
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cleaning rather than etching. In the case of polymers, shorter cleaning times may enhance the 
surface properties whilst longer exposures promote damage by high-energy ions. This is not 
surprising as plasma cleaning of polymer type materials result in etching process, polymer chains 
breaking [24] significantly increasing their surface free energy [25]. Longer exposure times often 
lead to drastic modification of the samples and increase in surface roughness, especially in PVDF, 
which has a low melting temperature of around 120 0C. After the plasma treatment of the 
substrates, 5 nm seed layer of Cr was coated onto each substrate, followed by deposition of 15 nm 
of NiFe thin films at four different dc sputtering powers, as described in the previous section (see 
Table 4-3), giving a total of 12 samples. Figure 4.10 shows the magnetic hysteresis loops obtained 
via MOKE measurements for all samples. Individual graphs consist of 4 loops, each relating to the 
sputtering power used during deposition. By rotating the sample axis 90 degrees relative to the 
applied magnetic field vector (see Figure 4.11), we were able to identify and test magnetic 
hysteresis response for easy axis (EA) and hard axis (HA), respectively. Interestingly, the samples 
Figure 4.10: Hysteresis loops for 15 nm NiFe on Si, Kapton and PVDF, coated at 25W, 50W, 75W and 100W dc 
sputtering power. Figures a) – c) represent the HA response and figures d) –f) represent the EA hysteresis loops. 
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sputtered onto Si substrates show no magnetic 
anisotropy and identical HA/EA magnetic coercive 
field values regardless on the sputtering power (see 
Figure 4.10a) and d)) 
The magnetic reversal profile of NiFe (15nm) coated 
onto Kapton and PVDF, clearly shows a distinctive 
response with square hysteresis loops measured in 
the EA orientation and tilted loops in the HA 
direction. In the case of Kapton, while the magnetic 
coercive field increases relative to that on Si 
substrates, it appears that the HA loops inclinations, 
as well as the magnetic coercive fields are not 
influenced by the sputtering power (see Figure 4.10.b) and e)).  
The emergence of magnetic anisotropy is even more obvious for NiFe on PVDF substrates where 
the inclinations of the HA hysteresis loops are more pronounced and the largest coercive field 
values of EA hysteresis loops are 233% larger than those of identical samples coated onto Si 
substrates. This is exactly the expected behaviour if the substrate roughness is indeed the driving 
mechanism for the remarkable magnetic coercive field enhancement, due to an induced surface 
magnetic anisotropy. NiFe permalloy is well known soft magnetic material with very small / 
negligible magnetocrystalline anisotropy [26], and the underlying mechanisms are still a matter of 
research today [26,27]. In our case, however, the distinct anisotropy appears only in flexible 
substrates with large surface roughness, even though all samples underwent identical sputtering 
conditions. The higher the substrate roughness, the larger the induced surface anisotropy appears 
to be, while for smooth Si substrates the 
effect vanishes completely. It is therefore 
a powerful argument to assume that the 
type of substrate, or rather its roughness, 
is responsible for the observed magnetic 
changes and surface induced anisotropy. 
To further enforce this assumption, the 
incline angles of the HA hysteresis loops 
were determined and correlated to the 
roughness values of the individual 
Figure 4.11: Sample measurement geometry for 
MOKE testing 
Figure 4.12: Roughness values of individual substrates related to 
the average incline angle of their corresponding HA hysteresis 
loops. 
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substrates. The incline angle of a given HA hysteresis loop was taken as the angle deviation from 
the vertical magnetization axis to the tangential line linking positive and negative magnetization 
saturation points on the HA hysteresis loops. For each substrate, we determined the inclination 
angle corresponding to each sputtering power and we calculated its average value. By plotting the 
average incline angle of the HA versus the substrate roughness we obtained a strong linear 
correlation, with a correlation factor of 99% (see Figure 4.12 and Figure 4.10.a) to c)), which is a 
significant indication that the surface induced magnetic anisotropy is indeed correlated to the 
surface roughness.   
While the HA hysteresis curves display a 
clear correlation to the substrate 
roughness, their coercive fields are mostly 
unchanged. This is very different in the 
case of EA hysteresis loops (see Figure 
4.10.d)-f)), where the substrate roughness 
appears to have a dramatic effect on the 
EA magnetic coercive fields, Hc, as detailed 
in Figure 4.13. The average Hc values 
increase by 53% for Kapton and 156% for 
PVDF relative to the Hc values of NiFe on Si. 
Examination of data in Figure 4.13 reveals 
that roughness in indeed the main 
contributor to the increase in EA coercive 
field. However, for all samples the EA coercive fields are also affected by the dc sputtering power 
as shown in Figure 4.13. The optimal dc sputtering power for our particular deposition system, 
under the sputtering conditions indicated above, appears to be in the range 50W-75W, where the 
largest increases in the Hc are observed. The effect of deposition power, as well as many other 
variables involved in sputtering process, is known to greatly influence the final thin film properties. 
For example, Tang et al. have performed similar experiments in order to study the effects of 
sputtering process pressure on magnetic properties of NiFe films. They found that coercive fields 
significantly decrease after lowering the Ar gas pressure and deduced that higher accelerating 
voltages, which are needed to keep the power values fixed after the drop in the process pressure, 
was the reason for higher deposition rates and fewer defects [28]. In our experiment these effects 
are ruled out, as the argon pressure was maintained constant at 3 x 10-3 Torr, and the power was 
also fixed to one of the predetermined values during the coating process. Grain size effects have 
Figure 4.13: EA coercivity values measured for NiFe coated on 
Si, Kapton and PVDF substrates at different dc sputtering 
power. Each sputtering power produces a different Hc value, 
but clearly the larger the roughness, the larger the Hc. 
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been shown to promote significant changes in the coercive fields of magnetic thin films, with 
coercive fields increasing proportional to the grain sizes [6,29]. In our case, this mechanism is also 
ruled out as our samples show an increase in the coercive field in thinner films, corresponding to 
smaller grain sizes. Moreover, a faster growth rate is associated with larger grains and higher 
coercive fields [6]. In this study, by fabricating samples at variable sputtering power / growth rates 
(see Table 4-3), we were able to once again rule out the grain size effect as a possible explanation 
of our results since samples coated at highest sputtering power (100 W) and fastest growth rates 
(3.8 Å/s) displayed smaller coercive fields than samples coated at lower sputtering powers / growth 
rates (see Figure 4.13).   
 
4.2.1.4 Conclusion 
 
NiFe thin films on Si, and flexible NiFe thin films on Kapton and PVDF substrates were successfully 
fabricated by magnetron plasma sputtering technique and their magnetic properties measured 
experimentally. NiFe films of variable thickness from 15 nm to 100 nm showed an emergent effect 
in which their coercive fields gradually increased in thinner films and remained broadly unchanged 
in 100 nm thin films. The effect was more pronounced for flexible, rougher substrates, indicating 
that roughness of a substrate influences magnetic coercivity and the anisotropy of the film. We 
hypothesized that the observed effect was due to a surface induced magnetic anisotropy. This 
hypothesis was then experimentally confirmed by fabricating 15 nm NiFe thin films deposited on 
Silicon, Kapton and PVDF. We found that the coercive fields increase in line with the roughness of 
substrates. In addition, a hard axis and easy axis emerged only in 15 nm thin films deposited onto 
flexible rough substrates. Identical 15 nm NiFe films on Si substrates showed no magnetic 
anisotropy and no variation of the coercive fields. It is important to state that our samples were 
grown under no external magnetic field, they were not annealed or otherwise treated in any way 
that could explain the emergence of the magnetic anisotropy. 
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 Metglas 
 
4.2.2.1 Introduction 
 
Detection of roughness effect in NiFe thin films sparked the idea to confirm whether such effect 
manifests itself in other materials or whether it is the NiFe specific feature. Iron-rich magnetic glass, 
Fe81B13.5Si3.5C2, also known as Metglas 2605SC, was chosen for this purpose. 
Metglas is amorphous alloy with linear isotropic magnetostriction and soft magnetic properties 
which is often being used in distribution transformers, due to its very low core losses [15]. However, 
in recent years, the attention is being drawn to a various combination of Metglas with other 
materials. Magneto-electric composites comprising of Metglas and a piezoelectric material such as 
PVDF have been recommended as AC/DC magnetic field sensors [30] or for energy harvesting 
application [31]. Availability of the said materials in the form of a laminate allows for preparation 
of composites by bonding with epoxy thus creating ME composite thin films. Those find a host of 
other applications suitable for the minimalistic approach of modern technology, including wearable 
devices [32].  
Metglas composites in nanometre scale are scarcely studied. Although, sputtering technique has 
been used to coat Metglas onto a glass to develop a non-erasable memory, utilising magnetic 
permeability changes as opposed to remanence [33]. But majority of a research effort with this 
material is focused on micrometre scale applications.  
In this section, the explanation of results gathered whilst experimenting with Metglas sputtering 
target is provided and compared to those with previously analysed NiFe data.   
 
4.2.2.2 Experimental 
 
A great care has been taken to mimic experimental conditions used for sputtering NiFe and apply 
them to Metglas. Substrates used were silicon wafer, Kapton and PVDF films. Film thickness was 
set to 100, 60, 15 and 10 nm. A sticky Kapton tape was attached to the back of all three substrates 
in the same manner as done previously with NiFe. Plasma etching of identical parameters was 
carried out first, followed by a 4-hour gap before the coating session, in order to allow substrates 
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to temperature equalize. Completed samples have been left in the chamber under vacuum, until 
ready to be analysed in room temperature MOKE magnetometer. 
 
4.2.2.3 Issues with sputtering conditions  
 
Sputtering parameters have a great influence on thin film properties. This applies to both, the 
plasma etching and film deposition as described in previous chapter. However, in this experiment, 
it was impossible to reproduce sputtering conditions used for NiFe. The equipment failed to reach 
the selected 50W power for Metglas target. Voltage at the target reached the operational limit of 
1000 V, achieving only 12 W of power. Visual inspection of the target suggested that it is badly 
corroded and possibly does not conduct well. To overcome this issue, plasma etching was run on 
both sides of the material, for the duration of 2 minutes, to clean off any oxide layer that was 
believed to be present on its surface. This has increased the sputtering power to 14W. Target was 
then taken out and measured for resistance by using standard multimeter, which confirmed that 
conductivity is not the issue. A further increase in power to 18W was achieved by raising the process 
gas pressure from 3 to 6 mTorr. The improvement was expected as a larger number of ionised 
particles are present in the plasma, which will have positively supported its conductivity.  
It was suggested that the actual composition of the target is to blame for difficulty in sputtering 
process. Metglas contains other elements such as semiconducting silicon which was initially 
believed to hamper conduciveness. Boron, silicon and carbon are diamagnetic in nature and this 
possibly accounts for the low pass-through flux (PTF). PTF describes magnetic field transmission 
through the target [34]. In the case of magnetron sputtering this could alter, or decrease, the 
erosion area on the target, leading to poor sputtering rates. To test, magnetic field meter was used 
to measure magnetic strength at the point of substrates, which in our setup is 9.8 cm above the 
magnetron head. Measurements were taken with the target in situ. Iron target measured 10.7 G at 
the substrate holder whilst Metglas revealed only slight attenuation of 9.4 G. The physical thickness 
of Metglas source is twice the amount of other targets in the lab.     
In the light of the above findings a decision was made to use a combination of 5 mTorr of Argon 
pressure and 15 W power, which equates to 0.1 Å/s sputtering rate. This is because the desired 
sputtering conditions were not reachable by any other combination of parameters and the above 
setting was deemed a suitable compromise. A sharp increase in process pressure would have 
increased sputtering power but it would also drastically influence the magnetic and structural 
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properties of films, for example by developing tensile stress. The small gain in power in expense of 
film quality was not believed to be beneficial. 
 
4.2.2.4 Measuring and Results 
 
Magnetic properties of Metglas thin film were investigated by MOKE magnetometer. Substrates 
carrying film were affixed to the sample holder by two thin strips of Kapton tape positioned to their 
sides. Laser beam was aligned approximately with the centre of the film, room darkened, and 
measurement commenced. Perfectly drawn hysteresis curves were not always obtained on the first 
attempt. Fine adjustment in laser beam location with respect to the sample was often needed. 
These adjustments rose on frequency with thinner samples. Ten nanometre thick films took up to 
20 attempts to measure as they are close to the limit of MOKE sensitivity. This could also suggest 
inhomogeneity in film thickness, possibly due to substrate roughness. All individual samples were 
re-measured after being rotated by 90 degrees angle to ascertain hard and easy axis. 
The hysteresis loops for Metglas samples are shown in Figure 4.14. Each individual graph consists 
of black and red curves, representing Easy and Hard axis, respectively, for the film thickness and 
substrate type. Surprisingly, none of the curves display anisotropy or coercive field change from 
one another. Silicon column confirms that roughness effect is not present as these samples show 
no change in shape of the M-H curve upon their rotation by 90 degrees. This is expected as silicon 
wafer has a very low Ra value of less than 2 nm.  
Surprisingly, nearly identical results are seen with Kapton samples, where the prediction was to see 
an emergence of easy and hard axis as well as coercive field heightening. Films coated on PVDF, the 
roughest of the three substrates, show a hint of hard axis in almost all four thickness values. 
However, the difference in hysteresis curves is of a very small magnitude and does not have 
tendency to show a stronger effect towards the thinner samples. Or, from a different perspective, 
a comparison between the sample not expected to display any roughness effect (Si 100nm) and 
sample expected to have this effect most pronounced (PVDF 10nm) confirms that Metglas does not 
conform to the theory the way NiFe does. Metglas is softer magnetic material compared to NiFe 
and this is reflected in the average coercivity value of around 84 Oe. However, the Hc should have 
been increasing with rougher substrates, if the roughness effect reported previously was to be 
confirmed. 
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Figure 4.15 shows hysteresis loops for PVDF samples arranged by thickness of the film. Coercivity 
for largest and smallest fields is 87 and 83 Oe, respectively. This accounts for only 4.5% difference 
in two extreme values in the range. On closer inspection it was found that Hc for 60 nm film is 
slightly larger than that of 100nm one, which supports a theory that presented results lay within 
the experimental error and no change in Hc is actually taking place.  
PVDF used in this experiment is uni-axially oriented piezo-electric film. This directionality was not 
taken into account when mounting substrates onto the sample holder. This is because Metglas 
particles, although somewhat guided by the electric field, land on the substrate at random angles 
during the sputtering process, which does not allow to force directionality to Metglas film. PVDF 
orientation, however, does play a role in magnetic properties of samples. Dong et al. have devised 
an ultra-sensitive magnetic field detector by bonding layers of PVDF and Metglas sheets together 
by an epoxy. They have achieved excellent magnetoelectric anisotropy in their laminate 
composition by simply aligning a known magnetostrictive and the piezoelectric directions of the 
Figure 4.14: MOKE hysteresis loops for Metglas coated on Silicon, Kapton and PVDF, arranged by film thickness. 
Black curve represents magnetisation in Easy axis, red in hard axis. No apparent anisotropy was detected across all 
samples. 
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said materials [35]. In our case, the similar effect could be accomplished by placing a permanent 
magnet above the substrate during the sputtering process, which would provide Metglas particles 
with magnetic field assistance thus aid their orientation with the PVDF substrate. This has not been 
tested here as the research focuses on anisotropy induced by underlayer roughness rather than 
through magnetic annealing.  
The main difference between Metglas and NiFe films being investigated here, besides their material 
composition, is the rate of sputtering they both underwent and their crystalline structure. As 
described above, it was not possible to match the sputtering conditions for the two materials. 
Therefore, other materials must be tested to confirm the surface roughness induced magnetic 
anisotropy. This should reveal if structure of a film, amorphous vs polycrystalline, affects the 
emergence of the roughness effect. Even though the testing with Metglas did not bring anticipated 
results in terms of anisotropic terms, it did, at least, prove that our sputtering and measuring 
equipment achieves very good reproducibility, giving us the confidence for past and future 
experiments.   
 
Figure 4.15: Hysteresis curves for Metglas films coated on PVDF substrate arranged by thickness. Hc is 
found to be 84 Oe on average. This contradicts the roughness effect, which predicts increasing values with 
thinner films. 
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 Iron 
 
4.2.3.1 Introduction 
 
No single element of the periodic table was so dominant in human culture that an entire epoch in 
the history of civilisation was named after it. Iron was known to man as early as 4000 BC but 
difficulty to work the material meant it had to wait until the iron age and later the industrial 
revolution to flourish [36]. Nowadays, this metal is being predominantly transformed into steel or 
other alloyed form. 
Ferromagnetic properties of many iron alloy thin films, such as magnetocrystalline anisotropy, 
coercive field and their temperature dependence [37] make them effective for use in recoding 
media. Metal oxides thin films found use in sensor applications because they can be easily 
optimized in many ways thus vary some of their properties such as electrical or optical [38–40]. 
Pure iron is the first in the triad of metals associated with magnetism and has the highest saturation 
magnetisation of the three. It has BCC crystal structure in room temperatures, and it is 
ferromagnetic up to the 768 °C after which it becomes paramagnetic [41]. In this experiment, Iron 
thin films are fabricated by plasma sputtering onto substrates of varying roughness and their 
magnetic properties, namely anisotropy and coercivity, examined.   
 
4.2.3.2 Experimental  
 
The sputtering conditions for Fe samples were set to be the same as for the previously made 
Metglas and NiFe films. Substrates were Si, Kapton and PVDF adhered to a Kapton tape, affixed to 
the sample holder and placed into the vacuum chamber with the base pressure 1.3 x 10-7 Torr. 
Substrates were plasma etched by 50 W RF power with Argon gas constantly flowing at 10 mTorr 
and each exposed to plasma for 2 minutes. In this way cleaned substrates were left to cool in the 
chamber for four hours prior deposition process. Chromium layer was coated on all 4 substrates 
under the following conditions: argon pressure: 3 mTorr, DC power: 50 W, T=26°C. Iron layers were 
coated with thicknesses of 100, 60, 15 and 10 nm with the conditions: 3 mTorr argon process 
pressure, DC power 60 W at temperature around 27°C.  
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All samples were measured with MOKE in room temperature to establish their magnetic properties. 
In order to determine magnetic anisotropy, individual samples were placed on the MOKE holder in 
a random position with their surface plane parallel to the magnetic field. Then rotated by 90° angle 
and re-measured. This allowed for determination of easy and hard axis. 
 
4.2.3.3 Measuring and Results 
 
Magnetic hysteresis curves of Iron films coated on Si, Kapton and PVDF in 4 different thicknesses 
are depicted on Figure 4.16 
 
Figure 4.16: Magnetic hysteresis loops for 100, 60, 15 and 10 nm thick iron thin films coated on Si, Kapton and PVDF, 
conveniently arranged into Easy and Hard axis columns. 
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The data show a clear indication that roughness effect, described with NiFe in the first experiment, 
the previously published paper [42], also manifests in Iron thin films to a certain degree. This effect 
is more pronounced with the former, but the trend is the same. Coercive field measured in all films 
coated on Si and Kapton, as tested in easy axis direction, remain broadly unchanged through the 
range of all thicknesses. The field increases simultaneously for both substrates in direction from 
100 to 10 nm thickness, but only slightly. Noteworthy is the behaviour of HC field for PVDF tested 
in easy axis. This is visible with 100 nm thick samples, where the film coated on PVDF substrate 
measured larger coercive field, 175 Oe, compared to Si and Kapton with 135 Oe and 140 Oe, 
respectively. The HC field for this polymer then progressively increases towards samples with 
thinner films up to 15 nm. The coercivity change between 100 and 15 nm thick samples is 46%. 
Analogous trend has been reported for NiFe films in which the coercivity was also increasing 
towards thinner samples. It does seem that the onset of this trend begins earlier in the case of Iron 
films, since there is a visible coercive field increase in PVDF at 100 nm thick film, not observed with 
NiFe.  
The extra 10 nm thick film has been added to the sample batch to find out at what point the HC 
progression stops occurring. At this film thickness the HC has unexpectedly decreased to 215 Oe, 
the midpoint between 60 and 15 nm samples. Figure 4.17 shows this in a graphical form. The 
reduction of HC field in 10 nm thick Fe film could be explained by the effect of grain size published 
elsewhere [43], describing a non-linear dependence of mean grain size to coercivity, in 
polycrystalline CoFe thin films. The correlation curve shows that a small grain size found in thinner 
Figure 4.17: Plot of coercive field vs substrate average roughness values for Si, Kapton 
and PVDF of Fe films of various thicknesses, measured in easy axis. 
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films is accompanied by low coercive field, that begins to rise sharply after a certain mean grain size 
threshold. This could explain the low coercive field in 10 nm thick PVDF layer. In this particular film 
sample, the roughness value of PVDF substrate is close to the thickness of the film itself, meaning 
non-uniform film layer, possibly with many voids and defects in its structure, leading to vanishing 
of the roughness effect. Correspondingly, the grain size effect dictates that samples with thicker 
coating will have larger coercive fields. However, in our experiment, this effect is negated by more 
dominating roughness effect that comes int play in thicker films. Hence, here presented non-
linearity between coercive field values of Iron films and substrate roughness values is the 
consequence of competition between the two described effects. This offers the first glimpse into 
the non-linear nature of roughness effect which will be looked at again in later experiments. One 
must add that measuring 10 nm thick film with room temperature MOKE system is on the limit of 
the equipment. Therefore, any qualitative reasoning should viewed with caution in this case.    
Hard axis column in Figure 4.16 defines anisotropy of the iron thin films by the inclination of 
hysteresis curves. In all four individual thickness graphs presented in the figure, it follows, that the 
angle of the curve increases with roughness, going in order from Si, Kapton to PVDF. By far the 
largest slope is recorded against 15 nm thick films, in which Si curve is almost parallel to y-axis, 
Kapton decreases in squareness, while the PVDF lies at almost 40° angle from the normal. Not only 
is the anisotropy at the highest point but the same is true for the coercive field. As with the NiFe 
samples, the Fe film responded best at 15 nm thickness. Thin films fabricated with 10 nm thickness 
display a decrease in both, the coercivity and anisotropy.  
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 Cobalt 
 
4.2.4.1 Introduction 
 
Thanks to its high Currie temperature of 1388 K, cobalt is an indispensable element in many 
industries [15]. It is often alloyed with other materials to enhance their final properties such as TC 
and anisotropy. Other, commonly known applications include processes involving pigments for 
paints and a source of radiation for medical use in the form of 60Co [36]. 
Cobalt is frequently studied in thin film development for applications such as spintronic devices and 
memory applications [44]. With additives enhancing its properties, cobalt film has found use in 
longitudinal recordings when used as hard disk drive layer and digital recording [45]. 
The way in which cobalt films are fabricated has a strong influence on their final composition, 
whether it is magnetic or structural. All usual methods of chemical and physical vapour deposition   
can be employed. In this experiment, cobalt films were made under the same condition as with 
previous samples in order to have comparable results. Cobalt is hard magnetic material but 
achieves less saturation than iron and so hysteresis loops are expected to look different. However, 
the roughness effect should nonetheless be detectable.    
 
4.2.4.2 Experimental 
 
The same sputtering condition used in previous experiments have been used to fabricate cobalt 
samples. Substrates Si, Kapton and PVDF, were attached to a sticky side of Kapton tape, in the same 
manner as in the previous case. The chamber was evacuated to a high vacuum, 2.6 x 10-7 Torr and 
all samples were plasma cleaned using 10 mTorr argon pressure at 50W RF power. Each sample was 
exposed to plasma for 2 minutes. After 4 hours of rest, a layer of 5 nm chromium was coated onto 
each substrate. The conditions were 3 mTorr of argon pressure, 50W DC power, resulting in the 
rate of 1.8 Å/s.  
The actual cobalt coatings have proved to be troublesome. Parameter conditions were set to the 
usual 3 mTorr of argon at 60 W of DC power, using high strength magnet assembly sputtering gun. 
This has produced sputtering rate of 1.9 Å/s. The coating of the first sample went without problems 
but upon requesting to sputter a second sample, the plasma would not form on the target. 
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Therefore, the chamber was open, sample no. 1 taken out and discarded. No obvious signs of debris 
were found and checks of the magnetron have been made to rule out possibility of short circuit in 
the dark space area, which would cause failure in plasma ignition.  
New set of samples was made and loaded in the same manner as previously described. The second 
attempt to coat cobalt onto substrate has failed at the very same point as in the previous instance. 
It was speculated that magnetron is overheating due to an intermittent fault discovered with the 
chiller unit, responsible for cooling magnetron guns. To verify, the sputtering machine has been left 
idle for two days before the next sputtering attempt in order to cool down the system. This 
adaptation has worked for the case of 60 and 15 nm samples. However, any attempt to coat the 
last, 10 nm sample has failed. The chamber was opened, dark shield cap raised slightly for better 
clearance between the target and the cathode, and one remaining sample set inserted. This has 
achieved the result, but coating of the 10 nm sample had to be performed at the slower rate of 1.5 
Å/s due to the increased height of the dark shield cap. 
Further investigation into the issue has revealed that there is a maximum permitted thickness of 
0.1 inch for cobalt target specified by the equipment. Our target exceeds this limitation with 0.125-
inch thickness. This was identified as the lead cause preventing the gun from working properly. Any 
comparison of results involving the 10 nm sample needs to be taken with caution.   
 
4.2.4.3 Results – magnetic configuration  
 
Cobalt thin films of thicknesses 100, 60, 15 and 10 nm have been sputtered on Si, Kapton and PVDF. 
Figure 4.18 shows image of 100 nm Co sputtered on Silicon surface in AFM and MFM mode taken 
of the same area on the sample. It shows topography of uniform surface, low roughness and no 
Figure 4.18: A 100 nm thick cobalt film deposited on Si substrate. 1a) AFM topography image, 1b) MFM image of the 
same area on the sample, 1c) MFM image converted to binary form. 
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obvious structural features. Its corresponding MFM image displays a presence of out-of-plane 
magnetisation. 
Domains are large, in micrometre scale, represented by dark and light areas of the image. This 
image has been converted to a binary form featuring a better contrast. Domains seem to be flowing 
to one direction, resembling stripes. This is confirmed by Fourier transform pattern (inset in the 
figure) that shows direction of its elliptical axis orientated by 90 degree to that of the domain flow.        
Figure 4.19 shows images of 60 nm thick cobalt film sputtered on silicon surface. Image comparison 
of AFM and MFM scans reveal close similarities between them. Since the MFM measurement is 
mainly sensitive to a stray magnetic field in the direction perpendicular to the film surface, it can 
be assumed that no out of plane magnetisation was detected. The likeness of both images further 
suggests that magnetisation follows shape anisotropy which dominates at this thickness. There is a 
certain film thickness associated with cobalt films below which in-plane magnetisation prevails. 
Thickness values above that will result in magnetisation switching to out-of-plane. Nagaraja et al. 
have grown Cobalt film by pulsed laser deposition technique and found that MFM did not show any 
signal for 50 nm thick film but had a positive find with films 100 nm and above [46]. This was 
indicative of the critical film thickness value being in this region. Measured RMS roughness of the 
60 nm cobalt film was twice the 100 nm thick cobalt film, see Table 4-4. Increased roughness leads 
Figure 4.19: A 60 nm thick cobalt film deposited on Si substrate. 1a) AFM topography image, 1b) MFM image of the 
same area on the sample, 1c) MFM image converted to binary form, 1d) AFM topography in 3D.  
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to size reduction of magnetic domains in films [46], which supports our find. These are suspected 
reasons why MOKE did not pick up signal in our case which translates to no detection of out-of-
plane magnetisation (more details on MOKE measurements in the next chapter). 
Figure 4.20 displays 15 nm cobalt film sputtered on Si wafer. The AFM scan shows rather 
featureless, uniform surface whilst MFM image displays a well-defined feature of perpendicular 
magnetisation, not correlated to substrate surface topography. The pattern is of localised irregular 
shaped domains, not exceeding micrometre in width. Hehn et al. have studied domain structures 
in Co films deposited by molecular beam epitaxy. They found that there is a transition of 
magnetisation going from in–plane to out-of-plane for films with thickness between 10 – 50 nm. 
This is attributed to the fact that for the thinner films, the magnetisation is largely in plane but with 
increasing thickness, the strong magnetocrystalline anisotropy of Cobalt causes domains to break 
up to shorter domains for the structure to be less energetically demanding [47]. Beyond 50 nm 
thickness, the films adopt stripe domains. We also see a hint of the stripe domain structure with 
100 nm thick film, Figure 4.18, conforming with this explanation.  
AFM image of the 10 nm cobalt film was also made, Figure 4.21. We see strong topographical 
features on its surface, as the very thin film layer is affected by the underlying substrate surface. 
We see a close similarity between MFM and AFM images. As the film layer is getting thinner the 
surface anisotropy becomes a leading force influencing the magnetisation. Thickness of 10 nm is 
small enough for shape anisotropy to keep magnetisation in-plane as seen on the figure.   
As mentioned previously, there is a critical film thickness at which magnetisation for Cobalt, (and 
other materials having dominant magnetocrystalline anisotropy), changes from in plane to out of 
plane. This value is 30 nm for Cobalt as theoretically calculated by Hehn et al. using Kittel. Although, 
there is a range of thicknesses rather than a single value. 
Figure 4.20: A 15 nm thick cobalt film deposited on Si substrate. 1a) AFM topography image, 1b) MFM image of the 
same area on the sample, 1c) MFM image converted to binary form, 1d) AFM limited colour range. 
Chapter 4: Results 
92 
 
 
Summed up behaviour of cobalt films coated on Si substrate demonstrates in-plane magnetisation 
at 10 nm thickness transitioning to perpendicular at 15 nm, having irregular, not very well-defined 
stripes. The 100 nm thick cobalt film displays a clear out-of-plane magnetisation property with no 
hint of in-plane component.  
Flexible Kapton and PVDF substrates were subjected to the same analysis as the solid silicon. Images 
are grouped in the same manner as in the previous case. A 100 nm thick Kapton sample exhibits 
the same behaviour as 100 nm thick Si, in which the uniform topography is measured by AFM with 
a distinct signs of out-of-plane magnetisation present in MFM scan. However, the magnetisation of 
60 nm cobalt film grown on Kapton substrate is, unlike the silicon one, firmly out-of-plane. Rotation 
of magnetisation is not taking place at this thickness. Although, the orientation of domains is not 
well defined as it is for the case of silicon. Samples 10 and 15 nm thick display both components of 
magnetisation. Samples with cobalt film grown on PVDF substrates have proven to be very difficult 
to measure with AFM. Trace-retrace could not be established and scans contain large amount of 
artefacts. The reason for this is unknown but suspected is the piezoelectric nature of the material. 
Figure 4.21: A 10 nm thick cobalt film deposited on Si substrate. 1a) AFM topography image, 1b) MFM image of the 
same area on the sample, 1c) MFM image converted to binary form. 
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Topography for the 100 nm thick sample was the only one measured successfully without any 
errors. However, its corresponding MFM scan is identical to AFM, further implying doubts about 
credibility of our results, Figure 4.23. 
 
Figure 4.22: Cobalt thin film sputtered on Kapton substrate arranged in rows from top 100nm, 60 nm, 15nm to bottom row 10nm. 
First column shows AFM topography, followed by MFM image of the same area of the sample and its binary representation. 3D 
image is for AFM 
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Domain contrast in our MFM images is of an insufficient quality to make a valid judgment on domain 
shapes, even though the attempt has been made. Domain wall edges are not distinct enough to 
measure them with confidence. Presented images have a qualitative value and only supplements 
our roughness results obtained by other measuring techniques.  
 
Figure 4.23: Cobalt thin film sputtered on PVDF substrate arranged in rows from top 100nm, 60 nm, 15nm to bottom row 
10nm. First column shows AFM topography, followed by MFM image of the same area of the sample. 3D image is for AFM 
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4.2.4.4 Results – MOKE measurements 
 
All samples have been subjected to MOKE measurements in order to establish magnetization 
reversal response in the form of hysteresis loop. Figure 4.24 shows hysteresis loops arranged into 
columns of Easy and Hard axis. Organising the samples into these two groups was achieved by 
testing each sample, initially in a random position with the sample plane parallel to the applied 
field, following its re-measurement after 90° rotation. It was necessary to undertake this method 
because our samples were grown “as deposited”, which doesn’t set easy and hard axis to any 
predefined direction. Magnetisation reversal response of thin cobalt film, measured in plane, is 
known to be affected by the angle of applied magnetic field during measurement, with respect to 
easy axis. Chowdhury et al. reported that coercive field of 3.5 nm thick cobalt film coated on Si 
substrate decreases inversely with this angle [48]. They explain that domain width decreases the 
Figure 4.24: Hysteresis loops for 100, 60, 15 and 10 nm cobalt thin film deposited on Si, Kapton and PVDF. Samples are 
arranged per substrate type into columns of Easy and Hard axis. 
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further the magnetisation angle is from easy axis direction. Additionally, at around 70° angle, 
domain motion switches to rotation, as opposed to continuing their size adjustment. 
Comparing EA and HA collumns on Figure 4.24 reveals similar trend noted on resluts with NiFe and 
Fe previously. That is, the coercive field and anisotropy development in cobalt samples follows 
increasing fashion, going towards rougher, flexible substrates. Any differences between HA and EA 
curves for a smooth silicon substrate (Figure 4.24-a,d) are very subtle but the whole HA column 
clearly signals anisotropic nature of cobalt film by showing inclination of hysteresis curves and by 
following the trend of getting more tilted with the rough substrates. Staying in Ha column and 
examining H-M curves based on film thickness, we see the 100 nm thick films show a prominent 
incline only for PVDF. The 60 nm films do not respond in this manner at all, whilst the thinner 15 
and 10 nm thick films have visible anisotropy appearing for both Kapton and PVDF substrates. 
Overall, this conforms with our substrate roughness theory which is also confirmed by other 
published reports about roughness promoting anisotropy in polycrystalline thin films. Sarathlal et 
al. proved this by coating Co thin film on both, smooth and rippled Si surface. They found the 
smooth surface generating a feeble uniaxial anisotropy, increasing in strength with film thickness 
above 10 nm [49]. But much stronger anisotropy was witnessed in films coated on the roughened 
substrate. Weakening of magnetic anisotropy with increasing film thickness was also reported in 
their study.  
Easy axis column on Figure 4.24 shows square hysteresis loops for all substrates and thicknesses. 
Visible is the trend of increasing coercive field with substrates average roughness values. This is 
better represented on the plot in Figure 4.25. The Coercivity for all film thicknesses, except for the 
100 nm one, increases almost linearly with substrates average roughness. The HC values originate 
at different points for each film thickness but generally it shows, that the thinner the film is, the 
larger the coercive field values. This is in direct contradiction to some previous works concentrating 
on effect the grain size has on HC in which it is reported that large grain size, (associated with thicker 
films [50]), contributes to a large coercive field [6,51]. It needs to be acknowledged that such 
correlation is not linear and applies mostly to thinner thickness.  
Looking at the root for increasing HC in thinner films, we can rule out some of the known causes. 
For example, the effect of shadow deposition, in which substrates are positioned at an angle to the 
sputtering targets, have tendency to induces uniaxial anisotropy [52]. But in our system, substrates 
are positioned directly above the targets. Also, the way our samples are affixed to the holder during 
sputtering does not inflict any tensile or compressive stress to them, which is another possible 
origin of induced anisotropy [53,54]. Figure 4.25 suggests that film thickness promotes changes in 
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coercivity as well as substrate roughness values. There is no enhancement to coercive field values 
related solely to roughness of the substrates as it was reported for the case of NiFe thin films, 
deposited on the same type of substrates and under the same sputtering conditions. Or put 
differently, a substrate with a rough surface promotes the HC field, but it is also linked to the film 
thickness as mentioned before.  
 
To find how the substrate roughness propagates through the film, the RMS values of the coated 
films have been measured by AFM and tabulated in Table 4-4. RMS roughness values of cobalt films 
grown on silicon substrate have not changed from the values measured on virgin substrates, with 
an exception of the 60 nm one. Kapton reports similar values, with the RMS generally increasing 
towards the thinner films. Regrettably, most of AFM measurements for PVDF are unreliable due to 
instrumentation difficulties, already mentioned before. 
Figure 4.25: Coercive field values plotted against untreated substrate average 
roughness, measured in easy axis sample orientation. Clear trend of coercive field 
linear dependence on substrate roughness and film thickness is shown. 
Table 4-4: Roughness RMS values for surface of the cobalt thin films, arranged by their thickness. Also included are 
values for untreated substrates with no film on them. 
Substrate type/ 
Film thickness 
(nm) 
100   60  15 10 0 
Untreated 
Si 0.5  1 0.4 0.4 1.8 
Kapton 0.7  1 0.6 1.7 3.2 
PVDF 6.9  2* 2* 1.2* 8.6 
 
*) values may be largely inaccurate 
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There are processes responsible for the change in film roughness depending on its thickness. It is 
often the case that at the beginning of film formation, the sputtered particles are filing in the gaps 
on the substrate, or this initial growth can serve a purpose of a buffer layer for the subsequent 
sheets of material [55]. This is responsible for RMS values falling rapidly to some values below those 
recorded as initial substrate roughness. In other words, as the film thickens, its surface tends to 
smooth out first, before the roughness increases again owing to defects begging to appear. Samples 
in this experiment seem to follow this trend with exception of 60 nm ones. Interestingly, these 60 
nm thick samples also behave unpredictably when we measure their hysteresis loops in hard axis 
orientation, as pictured on Figure 4.24. No appreciable curve inclination is taking place at any 
roughness for this particular thickness value. 
Figure 4.26 shows scans obtained by optical microscope embedded in the AFM scanning machine, 
of all cobalt samples prior to their detailed topography measurement. All silicon wafer sample scans 
show uniformly smooth surface with randomly appearing imperfections of a similar size. These 
defects were also found on virgin substrates prior to plasma etching and remained present on the 
surface after. Subsequent AFM measurements have always been taken from a smooth area. 
Figure 4.26: Microscopic images of Cobalt thin films coated on substrates used in this experiment. Scale of 
individual scans is 360 x 360 µm. 
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Kapton samples show uneven surface with bubble like features of different sizes, spread across the 
entire area. These are believed to be imbedded slip additives [56] which help with manufacturing 
process and are known to protrude on the surface. Their size is too large to be covered by the cobalt 
film and so they appear on all samples. 
PVDF used in this experiment is uni-axially oriented which is visible by naked eye and captured on 
the microscopic scans on Figure 4.26. Visible fibre like design gives rise to a large roughness value. 
Combined with microstructural roughness, this probably stands behind the difficulty in scanning 
this material by AFM. At this microscopic scale, all cobalt films coated on a certain type of substrate 
at different thicknesses look identical. The only visible change in film structure is noted between 
the type of material they were coated on.  
Since this experiment involves flexible thin films, a simple test has been carried out to see how 
durable these samples are after stretching. Figure 4.27 shows a scan of 100 nm thick cobalt film 
coated on PVDF that has been peeled of the sticky Kapton tape used to adhere substrates to the 
sample holder prior deposition. Visible cracks present on the surface indicate structural damage to 
the film. 
 
 
Figure 4.27: A microscopic scan of 100 nm thick cobalt film coated on PVDF after peeling 
off the sticky Kapton tape used to adhere samples to the holder disk. Visible cracks 
appearing on the surface indicating structural damage to the film. Scale 480 x 360 µm 
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 Material based roughness effect 
 
Experimenting with thin films in the previous section revealed that roughness effect does indeed 
exist but manifests itself according to the material the film is made of. We already learned that 
Permalloy film responds to the effect very strongly by exhibiting large coercive field for thinner films 
and by presenting anisotropic character. We further established that it is the roughness induced 
anisotropy driving the changes in this film behaviour. Iron film followed this pattern but to a smaller 
degree, whilst cobalt seemed almost immune to it. Results found after experimenting with Metglas 
do not fall into any category, but we have established that there was a problem with the sputtering 
target, therefore we must disregard the data, at least for the purpose of roughness effect 
evaluation.  
Questions were asked on basis of the inconsistency in data gained from our experimentations. 
Specifically, why does the Permalloy conform with the roughness effect so well but the cobalt does 
not? Notice, that one fact distinguishing Permalloy from Cobalt is the presence of 
magnetocrystalline anisotropy in cobalt which the former lacks. One can draw a conclusion that this 
type of anisotropy cancels out the roughness effect. But if this is the case, why pure Iron obeys the 
effect? Or perhaps, what if the roughness effect only applies to the element of Iron, which happens 
to form a part of Permalloy?    
We have compared data from the three materials and performed detailed analysis to determine 
the cause for the seemingly random nature of roughness effect. The conclusions from this work 
were powerful enough to publish a second paper on this subject in Physica B journal of Physics and 
Condensed Matter. The full copy of this peer reviewed paper can be found in appendix A2. The 
following are relevant excerpts from the published manuscript named “Study of roughness effect 
in Fe and Co thin films prepared by plasma magnetron sputtering”. Experimental part has been fully 
omitted because all three films were fabricated under the same condition. 
(Excerpts from paper) 
 
 Introduction 
 
… Although the roughness effect was previously observed experimentally in Ni80Fe20 Permalloy 
studies, it is unclear whether the same effect remains valid for other magnetic materials, or 
whether this is specific only to Permalloy thin films. To verify this, we have investigated two 
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common ferromagnetic materials, Cobalt (Co) and Iron (Fe), under the same fabrication and 
experimental testing conditions as those used for the Permalloy. Both elements differ significantly 
to Ni80Fe20 Permalloy, which allows expanding the generality of our studies, if the roughness effect 
in these new materials is to be experimentally reconfirmed. Specifically, the magnetocrystalline 
anisotropy values KU are found to be around 22 and 31 kJ/m3 for Fe and Co respectively, compared 
to near zero value for NiFe (18). 
 
 Results 
 
Figure 4.28a), b) show easy axis (EA) hysteresis loops and Figure 4.28c), d) show the hard axis (HA) 
hysteresis loops for Co thin films coated on the three aforementioned substrates grouped by film 
thickness.  
Data plots presented in EA column indicate that coercivity of Co films coated on a substrate with 
high average roughness value (Ra) is larger compared to the same film coated on the other two 
Figure 4.28: Hysteresis loops for 100 and 15 nm cobalt thin films deposited on Si, Kapton and PVDF. Curves are 
grouped by film thickness and arranged into columns of easy and hard axis 
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substrates having a smaller Ra.  Specifically, HC for 100 nm thick Co film coated on PVDF rose to 152 
Oe compared to the same film coated on Si, where the coercive field was only 105 Oe. A similar 
result is seen on 15 nm film thickness where coercive field of film coated on PVDF increased to 147 
Oe from 108 Oe as measured on Si substrate. 
Interestingly, the HA data (Figure 4.28c,d) do not indicate any significant variation of the coercive 
fields with the substrate roughness for both 15 and 100 nm Co samples. However, the effective 
magnetic anisotropy of the films appears to follow the substrate roughness sequence Si – Kapton – 
PVDF instead, with the inclination angle of the HA loops for samples on rougher substrates clearly 
increasing (Figure 4.28c,d). The inclination was determined by measuring an angle between y-axis 
and imaginary line running from the origin to magnetic saturation point for each curve. For 100 nm 
thick films, we recorded 12°, 11°, 27° angles for Si, Kapton and PVDF respectively. Larger slope 
values were found for thinner 15 nm film with 21°, 28°, 35° angles for the same substrates. This 
indicates that the observed changes are possibly related to a surface induced magnetic anisotropy, 
as will be discussed later in the manuscript. 
Figure 4.29 depicts the same hysteresis data for Fe thin films. Coercive field of all films coated on Si 
and Kapton, tested in EA orientation, remain broadly unchanged for both 100 nm and 15 nm Fe 
samples (see Figure 4.29 a, b). Noteworthy is the behaviour of the coercive field of Fe samples 
coated onto the roughest substrate, PVDF. The 100 nm Fe sample coated on PVDF has a coercive 
field of 175 Oe, slightly larger than that of the same film coated on Si and Kapton with values of 
about 134 Oe. However, the 15 nm Fe thin film sample deposited onto PVDF has a remarkably larger 
coercive field of 256 Oe, while the coercive fields of the 15 nm Fe films coated onto Si and Kapton 
substrates remain roughly constant at around 122 Oe, as clearly shown in Figure 4.29b.   Again, just 
as in the case of Co thin films, the HA measurements do not show any significant variation of the 
coercive fields with the substrate roughness, but they clearly show the effective magnetic 
anisotropy of the Fe thin films by the inclination angle of the hysteresis curves. For both 15 nm and 
100 nm Fe samples, the slope of the hysteresis curves increases with the substrate roughness 
values. The largest slope is observed for the thinnest 15 nm Fe film, with the inclination angles of 
the loops being 12° for Si substrate, 16° for Kapton and 39° angle from the normal for PVDF 
substrate, respectively. 
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 Discussions 
 
Thin films made of Fe and Co, prepared under the same conditions, have each responded differently 
to substrate roughness displaying visible and quantifiable changes in their magnetic properties. No 
appreciable changes were found in coercivity of Co films based on the film thickness alone (Figure 
4.28and Figure 4.30a). However, Figure 4.30a indicates a clear enhancement in HC field values 
attributed solely to roughness of the substrate, irrespective of the film thickness. In other words, a 
substrate with rough surface (PVDF) was found to promote larger HC fields, unlike smooth substrate 
(Si) where the HC fields are broadly unchanged. 
Inclination of most hysteresis curves in HA column in Figure 4.28, follow the trend of getting more 
tilted with the substrate roughness value. Interesting is the onset of this happening with respect to 
film thickness. The 100 nm thick film shows a prominent incline for PVDF only, whilst the thinner 
15 nm films have a visible anisotropy appearing for both, PVDF and Kapton substrates. Substrate 
roughness promotes anisotropy in polycrystalline thin films, as discussed already in chapter 4.2.4. 
Figure 4.29: Magnetic hysteresis loops for 100 and 15 nm thick iron film coated on Si, Kapton and PVDF, arranged 
into easy and hard axis 
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Samples of Fe films display the roughness effect more 
vividly. The 15 nm thick Fe film coated on PVDF, the 
roughest substrate, recorded 46% increase in HC field, 
compared to the same film coated in 100 nm 
thickness (Figure 4.29 and Figure 4.30b). It is clear 
that the thinner the film is, the larger the increase in 
its coercive field value. This is in direct contradiction 
to some previous works concentrating on effect the 
grain size has on HC in which has been reported that, 
generally, a larger grain size, (associated with thicker 
films [6]), contributes to a larger coercive field 
[29,43,51]. Substrate roughness seems to directly 
affect the effective magnetic anisotropy (Figure 
4.29c,d). Angle of hysteresis curves, as depicted in HA 
column, slopes in the same manner in both 
thicknesses, that is, in a sequence from smooth to 
rough substrate. For the completeness of this study, 
data points for Ni80Fe20 thin films grown under the 
same conditions reported previously [21], are 
presented in Figure 4.30c) , which exactly follow the 
above finding. It is important to draw the attention 
that the observed trends are indeed valid, but their 
linearity is speculative as we do not have enough data 
points to conclude this and a non-linear dependence 
could occur. 
From the results presented above, we see that a certain combination of substrate roughness and 
film thickness enhances coercivity in ferromagnetic thin films. We also see a smaller difference in 
HC values in materials having a low Ra (Si, Kapton) that scales up with the type of material sputtered. 
In this study, the greatest effect was found with 15 nm samples.  
To better emphasise these results, coercive fields of 15 nm Co, Fe and Ni80Fe20 films have been re-
plotted together against substrate roughness values (Figure 4.31a). We see that Co, having the 
highest KU is almost unaffected by the roughness of substrates, whilst the other two materials, Fe 
and Ni80Fe20, scale well with KU and appear to be greatly influenced by the roughness values. We 
Figure 4.30: Coercive field values measured in easy 
axis sample orientation, plotted against average 
roughness in easy axis for Co, Fe and NiFe 
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believe this is due to a surface roughness induced magnetic anisotropy as predicted by Lepadatu 
[22] and proven experimentally in other studies [21,42,49].  
Considering all anisotropy terms involved, the overall magnetic behaviour of a given magnetic thin 
film sample is described by an effective magnetic anisotropy, which is made up of the two main 
components [15]: 
𝐾𝑒𝑓𝑓 = 𝐾𝑣 +
𝐾𝑠
𝑡
 (4.1) 
where KV is the volume anisotropy, a material parameter that is thickness independent, and KS is 
the surface anisotropy that has an inverse proportionality dependence to the film thickness [15]. 
The KU value (i.e. KV in equation (4.1)) for Co is significantly higher than that for Fe, while the KV 
value for Ni80Fe20 is almost negligible. Hence, according to equation (4.1), the surface anisotropy 
plays a major role in thinner films with lower KV values, as this term becomes more dominant in the 
effective anisotropy of magnetic thin films. This is exactly what we observed in our data for three 
different magnetic materials of different magneto-crystalline magnetic anisotropies, coated onto 
substrates of different roughness values (see Figure 4.31 a,b).  
The observed results in this study cannot be explained by the grain size variations either, as our 
data directly contradicts previous works concentrating on the effect of the grain size on HC. The 
coercivity of polycrystalline ferromagnetic films is well described by the random anisotropy model 
[57,58] in which the HC variation with the grain size displays three regimes. For very small grains 
the HC increases rapidly with the grain size to the power six, for intermediate grain sizes the HC is 
constant and for very large grain sizes corresponding to typically films thicker than 150 nm, the HC 
Figure 4.31: Coercive fields of a) - 15 nm and b) - 100 nm thin films of Co, Fe and NiFe coated on Si, Kapton and PVDF, 
plotted against substrate average roughness 
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decreases inverse proportionally with the grain size as in [29]. Other possible effects including 
temperature of measurement or temperature of sample deposition are ruled out, as all our thin 
film fabrications and measurements took place in a temperature-controlled environment. We also 
made sure the experiments were carried out in such way that minimizes some other common 
reasons that could explain the observed effects, such as shadow deposition and tensile or 
compressive stress. Within this study, we limited our investigation to atomic force measurement of 
substrate roughness and we only focused on samples synthesis and magnetic properties. However, 
an absolute confirmation would require some micro-structural measurements including X-Ray 
diffraction to check any possible lattice variations, grain sizes or crystallographic changes. 
 
 Conclusion 
  
We have prepared thin films of various thicknesses, using three common ferromagnetic materials - 
Fe, Co, Ni80Fe20, and subjected them to magnetic measurements. The films were sputtered under 
identical conditions onto Si, Kapton and PVDF substrates of various roughness, allowing studying 
the way roughness of the substrates influences their magnetic properties. We have found that the 
substrate roughness, in conjunction with film thickness, is the main contributor in enhancing the 
magnetic coercive fields of the films as well as promoting additional magnetic anisotropy. The 
roughness effect becomes apparent when the value of substrate’s average roughness is close to 
thickness of the film. Under this condition both, magnetic coercivity and anisotropy recorded 
largest values.  
We further concluded that the type of the magnetic material also plays a significant role in 
observing this surface induced roughness effect, due to their different volume magneto-crystalline 
anisotropy contributions. Ni80Fe20 permalloy, which has negligible magneto-crystalline anisotropy, 
has been mostly influenced by the substrate roughness induced surface anisotropy, Fe with 
intermediate magneto-crystalline anisotropy displayed a visible but weaker response, whilst the 
effect in Co, which has the largest magneto-crystalline anisotropy, vanished almost completely. 
 
Chapter 4: Results 
107 
 
 Investigation with temperature 
 
 Objective 
 
All experiments described in chapter 4.2 were accomplished in room temperatures. Based on those, 
we have reported that the roughness of substrate is responsible for inducing shape magnetic 
anisotropy, which in turn causes an increase in coercive field of certain ferromagnetic thin films. 
This so-called roughness effect was more pronounced with some materials than others and it was 
concluded that intrinsic magnetocrystalline anisotropy (KU) governs the strength of that effect.  
The above findings and conclusions are based on solid reasoning, but what if the roughness effect 
has some different origin, and the results we have seen are attributed to some other underlaying 
root? There is no denying in the role the substrate topography has on magnetic properties of films. 
We have measured magnetic response of our samples by magnetometer, and we have optically 
proven variations in the substrates shape. But, gauging what part the magnetocrystalline 
anisotropy plays in the effect cannot be confirmed directly. Our hypothesis needs to be 
strengthened by some other indirect method to prove that it is the substrate roughness causing the 
effect.      
This has led us to explore roughness effect dependency on temperature. Previously studied Co and 
NiFe materials differ significantly in their KU, with 410 kJ m-3 for Cobalt and a near zero value for 
NiFe. It is a well-known fact that magnetocrystalline anisotropy is dependent on temperature and 
this phenomenon is linked to coercivity. Therefore, we assume to see a different magnetic 
behaviour in the two materials when exposed to some temperature gradient. However, if the 
roughness effect is due to the shape anisotropy term, as claimed in our previous studies, we would 
expect to see coercive field response unaffected by the sample temperature.   
 
 The investigation 
 
There was no need to fabricate a new set of samples for this test. We have used Co and NiFe 
samples already made in previously described experiments. Temperature varying magnetic 
measurement was conducted by Vibrating Sample Magnetometer (VSM) built by Cryogenic Ltd. 
Samples were affixed to a supporting holder by Kapton tape and placed inside a clear plastic tube 
which was then inserted into the cryogenic vacuum chamber. Diamagnetic nature of the sample 
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tube has infiltrated into our results that manifested itself by a rotation of hysteresis curves. This has 
been adjusted post-measurement and magnetisation values normalized. No curve averaging or 
other manipulation with results, other than the ones mentioned above, took place. Temperature 
values during measurements were arbitrarily chosen as 290K, 200K, 100K and 4.5K. Applied field 
had to be varied to best match the thin film response.  
Figure 4.32 shows VSM measurements of Cobalt and NiFe films coated on PVDF substrates of 
roughly 8 nm average roughness value. Both columns are subdivided by the film thickness, with 
each row representing a temperature the samples were exposed to during measurements. 
Magnetisation has been normalized and exact values of applied field omitted for clearer 
presentation of the results. However, these values can be extracted from the graph on Figure 4.33.  
Both materials behave as predicted by roughness effect described in previous studies. All 15nm 
thick films display much wider coercive fields compared to their 100 nm thick counterparts. This is 
due to the surface induced magnetic anisotropy (roughness effect) caused by the substrate.  
Figure 4.32: Hysteresis loops of Co and NiFe thin film samples deposited on PVDF substrate. Measurement taken by VSM at 
4 different temperatures as indicated on graph. 
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Magnetocrystalline anisotropy term is dependent on temperature as defined by the following 
empirically derived equation [59] 
𝐾(𝑇) = 𝐾(0) (1 −
𝑇
𝑇𝐴
) (4.2) 
, where TA is temperature when anisotropy is zero. But since anisotropy tends to 0 at Curie 
temperature, we can substitute this term for TC. The curie temperature for Cobalt and NiFe is 1360 
K and 843 K, respectively [15]. The cobalt with much higher TC will therefore have higher anisotropy 
constant when compared to NiFe, in the same temperature value, which can be seen on Figure 
4.32.           
The equation also tells us that the K(T) decreases with higher temperatures. Hard axis curves for 
100 nm cobalt samples indicate exactly that. The above relationship counts with K(0) which is the 
anisotropic term at 0 K temperature. However, even with temperatures above that, we should 
expect this well-known pattern, that is, anisotropy constant decreases with rising temperature [60]. 
And this is what we see on Figure 4.32. Our results are in favour of the theory by displaying 
undoubtable anisotropic changes in cobalt samples due to high KU. Contrary to that, NiFe displays 
no signs of anisotropy behaviour due to its nearly non-existent KU.  
Figure 4.33: Coercivity values for Co and NiFe samples coated on PVDF. Apparent is stronger 
dependence of cobalt films on temperature due to its higher magnetocrystalline anisotropy. 
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Concentrating on coercive field values, we can spot a trend of HC increasing inversely with 
temperature in both materials and film thicknesses. This gradual progression is clearly seen on 
Cobalt samples, but it is much less pronounced with NiFe films. 
Figure 4.33 offers conveniently graphed coercive fields plotted against temperature at the time of 
measurement. A coercive field of 100nm layer of NiFe does not vary with the temperature change 
very much, the curve is almost horizontal, whilst the same thickness for Co film is visibly more 
responsive. Similar trend is found with the thinner 15 nm films. There is a small progression in HC 
values with temperature change in NiFe film but a very strong response for Co film. These results 
show that Cobalt with high KU responds to the temperature significantly more than NiFe with its 
negligible KU. Nonetheless, both materials record higher coercive field values with thinner 15 nm 
films compared to their 100 nm counterparts. This is expected as thinner films are predicted to 
have magnetic domains more disconnected, owing to pronounced substrate roughness [61] and 
this has been witnessed by other researches.   
In chapter 4.3 we have described how overall effective anisotropy is made from the KU that scales 
proportionally with temperature, and from the shape anisotropy that is inverse proportionally 
dependent on film thickness. The KU value controls coercivity and since it is nearly zero for NiFe, we 
do not see a big change in coercivity with temperature. Such insignificant KU makes coercivity very 
much dependent on thickness of the film, which sets dominance for the shape anisotropy term. 
That is why we see increased HC for 15 nm NiFe film.  
Hysteresis loops obtained by VSM show dependence of magnetic coercivity on temperature for 
both tested materials. Cobalt thin films responded strongly, as predicted, in the way in which 
temperature affected magnetic coercivity. The NiFe sample, with its negligible intrinsic 
magnetocrystalline anisotropy, did not change its coercivity appreciably with temperature. Despite 
this, we did witness notably larger coercive field in 15 nm NiFe thick film compared to the same film 
coated in 100 nm thickness. This confirms our hypothesis that the change in coercive field seen 
here and in previous studies is indeed caused by the roughness effect. 
 
A word on film quality 
As mentioned in introduction, this project was initially aimed at development of flexible films and 
study of their magnetic and structural properties. We have, however, refocused our investigation 
to roughness effect at early stage of experimenting. Nevertheless, flexible substrates, Kapton and 
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PVDF, were used throughout the project and we are now able to crudely assess their physical 
qualities. 
The basic films structure was generally identical in all experiments and included a chromium buffer 
layer before the material under investigation was deposited. Figure 4.34 shows the typical sample 
composition graphic, including a photograph of a NiFe film deposited on Kapton substrate when 
flexed. 
All tested materials demonstrated an excellent adhesion with all substrates. We observed all films 
to be mechanically strong, with no delamination occurring at any point, even after repeated flexing 
of Kapton and PVDF. We also made samples without the buffer layer and found no change in the 
mechanical robustness, suggesting, that such layer could be irrelevant to sample quality. A 
randomly selected samples were re-measured after repeated flexing and after some weeks later. 
Again, we have found no depreciation in film quality, physically or magnetically. Unfortunately, it 
was not possible to ascertain film quality after exposure to cryogenic environment during our VSM 
testing, because its sample preparation procedure renders the samples useless.   
Although our sample quality testing is far from scientific, it shows valid possibility of developing a 
good quality, inorganic flexible films by sputtering method.  
 
Figure 4.34: A typical sample composition (left). Demonstration of mechanical robustness of NiFe thin film 
coated on Kapton substrate. (from ref. 21) 
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 Exchange bias 
 
 Background 
 
As mentioned in section 3.2.3, exchange bias is a useful phenomenon often intentionally induced 
in thin films and exploited in sensors and magnetic storage devices. Much research has been done 
on improving the EB properties itself and on combining this phenomenon into heterostructures for 
added functionalities. As flexible devices continue to attract attention nowadays, so does the 
investigation into non-rigid EB structures [62–64]. A few factors affect the strength of exchange 
bias. These are, for instance, sensitivity to interface roughness, thickness ratio of FM/AFM layer and 
even thickness of buffer layers [65].     
Exchange bias appears when, under certain conditions already described before, FM and AFM 
layers are in contact with each other. When rearranging the equation 3.12 for EB magnitude we get 
𝐻𝐸 =
∆𝐸
𝑀𝐹𝑀𝑡𝐹𝑀
(4.3) 
, which tells us that a thinner ferromagnetic layer in the structure should give the desired higher 
strength EB. However, this thickness cannot be reduced to near zero values, as the ferromagnetic 
effect would vanish, causing a loss of any practical use for the structure. In practical terms, values 
of around 7 nm are the lowest workable as mentioned in ref. [66]. Lowering magnetisation MFM 
leads to the similar problems as found with lowering FM thickness. This causes limitations when 
constructing an efficient exchange bias structure.  
One popular way of tackling this issue is to artificially reduce or almost eliminate magnetisation of 
the FM layer, whilst preserving the coupling needed for EB system to work. This is known as a 
synthetic anti-ferromagnet and it is made up of a non-magnetic metallic spacer sandwiched 
between two ferromagnetic layers [67]. The thickness of the non-magnetic spacer determines the 
Figure 4.35: Selected types of exchange bias structure: a) synthetic anti-ferromagnet, b) EB on ordinary substrate, c) 
EB on diamagnetic substrate. From ref. 75 
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coupling behaviour between the layers. In the other words, its thickness allows to tune the way the 
trilayer behaves ferromagnetically. In the case of Synthetic Anti-Ferromagnet composition, the two 
ferromagnetic layers are tuned in the antiparallel manner so that magnetisation cancels out. This 
results in magnetisation being close to zero values whilst the ferromagnetic features are preserved 
for sensing application etc. as shown on Figure 4.35a.  
In theory, any way leading to an artificial reduction of magnetisation in FM layers should have the 
effect of enhancing the exchange bias. Consequently, in this research, we have experimented with 
a diamagnetic material placed at a base of the EB structure in a hope to diminish FM layer magnetic 
moment. Figure 4.35 shows a profile view of a three exchange bias structures, each formed in a 
different way. The first, Synthetic Anti-Ferromagnet layout has already been described above. 
Figure 4.35b, shows structure build up on non-magnetic substrate whilst the Figure 4.35c shows 
structure build up on a substrate made from diamagnetic bismuth. Since Bismuth has a negative 
magnetic susceptibility it was believed to counteract the positive susceptibility of the ferromagnet, 
thus achieving the similar effect to synthetic anti-ferromagnet.  
 
 Finding a suitable film composition 
 
The initial stage of experimenting with EB focused on the actual film structure. There are 
complexities to consider when depositing EB structures. The stacking order in which the layers are 
coated on the substrate have an impact on both, the EB and coercive field of the sample [68]. The 
sputtering rates and temperature affect surface morphology of individual layers, which shows to 
be a component sensitive to EB quality [69]. Further, the thickness ratio of FM to AFM layers are 
detrimental for successful fabrication of EB, particularly the AFM thickness layer [70]. It has been 
theoretically modelled that any change in FM layer thickness larger than the AFM one, has no effect 
on exchange bias [71].  
Therefore, based on researches already published in peer reviewed journals, we settled for the 
following 2 film structures coated on 4 substrates shown in Figure 4.36 – a well-polished Si substrate 
of 5 x 5 mm dimensions, which served as a control sample. The second substrate was 110 µm thick 
PVDF sheet of the same dimensions, chosen because of its high roughness. The other two coatings 
were on bismuth substrates of the same area size, with 250 µm and 1000 µm thickness. This is to 
investigate how influential the diamagnetic strength is to the proposed coupling. To reduce several 
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numbers of deposition and to achieve exactly the same sputtering conditions for all samples in the 
batch, we have mounted 3 substrates per sample position.  
Permanent magnets located in the sample holder openings, as seen on Figure 4.37, were held by 
Kapton tape. This is to induce magnetic anisotropy in plane of the sample surface. Magnets were 
positioned with their south and north pole lines directed from edge of the disk holder to its centre. 
Magnetic field strength at the centre of each magnet was 1.8 KG as measured by hall probe.  
Substrates were mounted on the sample holder by first affixing their reverse side to the Kapton 
tape, then sticking the tape to the holder in such a way, that samples laid flat on the magnets 
separated only by the tape itself. This ensured a strong magnetic field passing through them.  
Figure 4.36: Possible structure combinations used in the first experiment. 
Two EB stacks were coated on each of the four substrates. 
Figure 4.37: Sample holder with permanent magnets located in all 4 openings. Inset 
figure shows 3 substrates laying on one of the magnet surfaces affixed by a Kapton tape. 
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Sputtering procedure was the same for this and subsequent depositions in this chapter. Details are 
found in Table 4-5. All substrates were plasma treated prior coating for the duration of two minutes 
by RF power of 50W with 10 mTorr argon gas constantly flowing through the chamber. The coating 
process started when the base pressure in the chamber reached 1.3 x10-7 or below.  
Finished samples were examined by room temperature MOKE magnetometer. All tested structures 
were measured in both, easy and hard axis, which was achieved by taking a reading of a sample in 
easy axis direction first, then rotating it by 90 degrees with respect to sample plane. Results are 
found below, Figure 4.38. 
Several interesting data points can be extracted from the hysteresis curves. Results have been 
grouped by the film structure - FM/AFM and AFM/FM, and by the measurement with respect to 
crystallographic easy and hard axis. The figure shows a clear dependency of exchange bias effect 
on this anisotropy. Curves plotted, as measured in EA direction, clearly display exchange bias effect 
by their shift on magnetisation axis but also vary their values of coercive fields. Contrary to that, 
curves measured in HA direction developed a slope at an angle, EB effect has vanished and coercive 
fields have lower values. Exchange bias field values have been extracted from the graphs and 
Table 4-5: Sputtering conditions for targets used in this project (Sputtering rate for BaTiO not recorded due to 
technical problems). 
Sputtered material Process pressure 
(mTorr) 
Sputtering power 
(W) 
Sputtering rate 
(Å/s) 
Bi 5 20 DC 4 
Cr 3 50 DC 2 
Ni80Fe20 3 60 DC 2 
IrXXXMnXXXX 3 60 DC 1.5 
BaTiO3 3 40 RF x 
 
Table 4-6: Coercive field values for the first experiment. Values for FM/AFM and FM/AFM stacking order highlights 
preference for NiFe7 / IrMn 15 structure. 
Substrate Exchange bias field (Oe) 
 FM / AFM AFM / FM 
Si 108 105 
PVDF 63 51 
Bi 250 µm 118 102 
Bi 1000 µm 119 92 
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tabulated to see which stacking combination gives preferred results. Comparison can be found in 
Table 4-6 from which is clear that EB field values are larger with FM/AFM sequence on every 
occasion.  
Since the FM / AFM structure responded better to the effect of exchange bias, we carried further 
detailed testing with this film ordering. Thickness of AFM layer plays a significant role in EB. It affects 
EB and HC field values significantly as proven experimentally in many studies, and it is also widely 
reported in literature. On the other hand, explanation on microscopic scale is still being argued [72]. 
Therefore, based on the literature, the following samples have been suggested, made, and their 
results plotted jointly on Figure 4.39.  
• Bi   250 µm / NiFe 7 nm / IrMn 15 nm  
• Bi   250 µm / NiFe 7 nm / IrMn 20 nm 
• Bi 1000 µm / NiFe 7 nm / IrMn 15 nm 
• Bi 1000 µm / NiFe 7 nm / IrMn 20 nm 
Figure 4.38: Results of the first experiment as measured by MOKE, arranged by EA and HA as well as per EB 
structure - FM/AFM and AFM/FM. Each individual figure contains M-H curves per substrate used. 
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The insignificant difference in EB and Hc between samples with 15 and 20 nm AFM layers suggests 
that both AFM thicknesses lay in the range bringing no enhancement to EB effect. But there is a 
noticeable enhancement in EB field with the thicker 1000 µm Bismuth. This supports the theory of 
diamagnetic coupling existence and its role in exchange bias. 
  
 Exploring roughness effect  
 
Re-evaluation of past results raised some important points for concerns about the validity of data: 
• When measuring films coated on bismuth substrates by MOKE magnetometer, the signal is 
unusually noisy, and any small movement of the sample holder often results in complete 
loss of signal. Its further movements around the sample centre position to any direction 
will eventually cause a hysteresis curve to come back. This makes EB effect appear to be 
localised on the sample surface. 
Figure 4.39: M-H curves for exchange bias based on FM/AFM structure, investigating the effect of AFM 
thickness as well as diamagnetic strength.  
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• Beam of laser light coming from the bismuth samples is visibly more dispersed when 
compared to pin-point signal seen with films coated on other substrates. 
• Visual inspection of coated bismuth substrates shows uneven light reflection of its surface. 
The surface appears smooth and clear with dull looking patches in random locations. 
• Uncoated bismuth substrates have scratch marks on their surface clearly visible by naked 
eye. 
These points indicate very high substrate roughness possibly responsible for the problematic 
measurements. Roughness of a substrate and effects it has on thin film properties has been a focal 
point of this thesis. With exchange bias, this roughness propagates through the very thin 
ferromagnetic layer to the EB interface. It is a well-researched fact that increased roughness at the 
interface degrades both HC and EB field [73]. One can imagine any rough surface being composed 
of irregular shaped objects. One such object will have its walls covered by deposited film whose 
thickness values fluctuate from wall to wall. This is because of varied angles of the object’s surfaces 
to the sputtering source, which is governed by the randomness in shape of the individual entity. 
These thin film layers would have their local magnetisation preferentially oriented in line with 
surface geometrical direction at that point. This direction may differ from the direction of the 
external magnetic field. The larger the roughness of the whole sample, the larger the probability of 
misalignment between the two said magnetisation terms, leading to overall weaker exchange bias 
effect. Even with a relatively well aligned AFM/FM layers, some spins will end up oriented 
antiferromagnetically at the interface, thus not following the EB coupling order, due to natural 
dislocations or mismatch lattice between the materials [74].  
Considering the above, and the lack of working AFM equipment to check for roughness, an extra 
bismuth layer has been sputtered on top of bismuth substrates, to even out ridges like structures 
present on their surface. Graph on Figure 4.40 compares data already acquired from previous tests 
plus bismuth substrates coated with the additional 100 and 200 nm layer of sputtered bismuth. All 
samples have the same EB structure - Substrate / NiFe 7 nm / IrMn 15 nm. The extra 100 nm of 
sputtered bismuth have significantly improved EB field in both substrate thicknesses, 250 and 1000 
µm. However, the extra 200 nm layer brought an unexpected declined in EB field which does not 
support any theory. In fact, 250 um thick bismuth substrate with the additional 200 nm Bi measured 
lower EB value when compared to Si! This not only contradicts our hypothesis about diamagnetic 
coupling, but such trend does not make a clear physical sense and it is inconsistent.  
It was believed that roughness is still at play at this stage because MOKE measurements continued 
to show signs of uneven texture of sample surface by diffused laser light bouncing of it. Further, it 
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was noted that sputtering machine may be inconsistent with coating. Specifically, film thickness is 
being controlled by a change in frequency of quartz crystal placed in a proximity of the substrates 
as described in section 2.1.5. To crudely check its accuracy, we have timed NiFe deposition whilst 
the crystal was governing the coating with film thickness set to 7 nm. Four coatings of NiFe were 
timed and these were 36, 38, 40, 41 seconds. With the current sputter rate of 1.9 A/s, this translates 
to 7.0, 7.3, 7.6, 8.1 nm, respectively. Such wide range of thicknesses could account for bad results 
witnessed here.  
Another issue was found with the substrate positions on magnet of the sample holder. Precise 
locations varied by the type of experiment and effect under investigation. Mostly there was one 
substrate, positioned in the middle part of the magnet surface. But on occasions, there were 2 or 3 
substrates placed side-by-side, per site. Field from the magnet changes rapidly with distance. 
Values in mid position show around 1.8 KG but we recorded lower 1.4 KG a third distance away 
from the centre where other substrates would reside.  
To eliminate cited problems the following changes were made.  
• To use only one substrate per sample position, placed in the middle on the magnet surface. 
• Sputtering was controlled by fixed time rather than by the crystal. 
Figure 4.40: Exchange bias field values of the new and already measured samples for 
comparison. 
Chapter 4: Results 
120 
 
• Bismuth substrates were hand polished by a set of polishing papers. These were chosen in 
sequence 12, 9, 5, 1 and 0.3 microns. Polishing from the coarser to finer paper is a known 
way of reducing roughness of a surface to a similar level for all samples. Following was 2 
minutes ultrasonic bath treatment with substrates immersed in isopropyl alcohol. After 
this, all substrates looked equally mirror-like.  
The Table 4-7 displays exchange bias and coercive field values for hand polished samples with added 
150 nm Bi layer and EB structure. Values do not correlate and contradict in every way. A new 
approach was needed. 
 
 A new coupling 
 
After puzzling and conflicting results received so far, a new look was needed to investigate the 
exchange bias. Figure 4.40 displays already discussed relationship between substrate roughness 
and EB effect. Namely, the polished Si substrate shows higher EB effect compared to PVDF whose 
roughness values are much higher, confirming roughness influence on EB. However, there is no 
anticipated stark difference between EB measured in Si and Bi 250 µm substrate. Therefore, the 
course of investigation was set to concentrate on Si substrate.  
We have cleaned and plasma etched Si substrates, and coated them with bismuth of thickness 900, 
600, 300, 100 nm, plus one control sample having no bismuth material on it. The EB structure 
coated afterwards remained the same - substrate Bi (t)/NiFe 7nm/IrMn 15 nm, where t is thickness 
of the extra Bi layer. Corresponding hysteresis curves are shown on Figure 4.41. Our control sample 
marked 0 nm on Figure 4.41, has EB field of 54 Oe, represented by red arrow. All other samples 
having varied thickness of extra Bi layer show higher EB field compared to the control one. These 
are 119, 159, 166, 169 Oe for 100, 300, 600, 900nm, respectively. These results illustrate a clear 
Table 4-7: Hand polished bismuth substrates: Results after an extra 150 nm Bi coating with added 15 and 20 nm 
layer of IrMn 
Film structure HC (Oe) EB (Oe) 
Bi250 µm   – Bi 150 nm / NiFe 7 nm / IrMn 15 nm 101 109 
Bi250 µm   – Bi 150 nm / NiFe 7 nm / IrMn 20 nm 121 191 
Bi1000 µm – Bi 150 nm / NiFe 7 nm / IrMn 15 nm 88 133 
Bi1000 µm – Bi 150 nm / NiFe 7 nm / IrMn 20 nm 68 120 
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correlation between thickness of diamagnet and resultant exchange bias. For a clearer presentation 
of this relationship, EB fields against the thickness of B layer has been plotted on Figure 4.42, from 
which it can be seen that the effect is non-
linear and saturates at higher values. 
This means that, indeed, a diamagnetic layer 
reduces the overall magnetic moment of FM 
layer in the exchange bias structure, but it also 
plays some other role at the interface. Delving 
into the unknown coupling requires to first 
ascertain whether the coupling is of magnetic 
nature. For this we needed to break the 
interface layer by either conductive or an 
insulating material. Chosen materials were 
Chromium as a conductive layer and BaTiO3 as 
an insulator.  
At first our attention went to the effect of 
diamagnetism alone. We coated Si substrates 
with spacers followed by 7 nm thick layer of 
NiFe. Table 4-8 shows the film structures and 
the measured coercive fields.  
All curves (not plotted here) have a good 
shape, centred around zero field value as 
expected. The first, Si/Cr/NiFe structure is the 
control sample. The second sample, with the 
inclusion of Bi 100 nm, has raised the coercive 
field to 89 Oe, when compared to the control 
sample. In this instance, the magnetostatics 
field produced by underlying bismuth is 
insignificant and its influence on FM layer is 
almost uncorrelated to its thickness. This is 
because Bi susceptibility is always larger than 
ratio of stray field to external H field. This has 
been confirmed by an article published based on our findings [75] (Appendix A3), where it emerged 
Figure 4.41: M-H loops measured in room temperature 
with highlighted EB bias shift on H axis. From ref. 75 
Figure 4.42: EB field as a function of the thickness of Bi 
underlayer. From ref. 75 
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that Bi underlay causes NiFe layer to display larger coercive field. It is therefore believed that there 
is some new type of coupling in play, between the diamagnetic bismuth and ferromagnetic 
Permalloy. The third sample, with conductive chromium, displayed exactly the same Hc as the 
previous one, as if the chromium was not there. It would appear then that the coupling does not 
depend on conduction of electrons. Lastly, the sample with isolating Barium titanite in place 
reduced the coercive field down to 78 Oe. This shows that the spacer diminishes the effect of 
bismuth.  
Exactly the same set of samples as listed in Table 4-8 was made again but this time with an inclusion 
of 15 nm thick IrMn layer on top, to form the exchange bias effect. Results graphed on Figure 4.43 
and tabulated in Table 4-8.  
Coercive field values crudely follow the trend found with the same film stack, less the AFM layer. 
Unfortunately, the EB data deviate from the predicted outcome. It is clear that Bi does improve HC 
and exchange bias values. However, both values were reduced with the 10 nm chromium spacer. 
The expectation was no change. Worse still, BaTiO3 spacer was expected to reduce the overall 
effect for this structure but the opposite was witnessed with EB values. 
Discrepancies between Hc and EB values found above are unexpected but could be explained. Ali 
et al. have studied with IrMn/Co stacks. They have theoretically and experimentally tested how the 
exchange bias system is influenced by thickness of AFM layer and by the temperature. Although 
their study focussed mainly on the effect of temperature and the related onset of EB and Hc fields, 
they found that all samples, including the ones tested in room temperature, have peaks of Hc and 
EB fields at different points. The values do not linearly corelate with each other, but they saturate 
at a certain AFM thickness point and beyond. The same effect could be responsible for deceptively 
wrong data shown inTable 4-8. They based their interpretation on in-plane domain structures 
formed in AFM layer and altered spin structure at the FM/AFM border [72]. In our case all 
Table 4-8: Various film structures were trialled to determine what type of coupling is in action. The same set of 
structures was repeated, with an addition of 15 nm IrMn layer on top to add EB effect. Last column shows coercive 
field and EB field for the second set. 
Film Structure Coercive field 
(Oe) 
Extra 15 nm IrMn 
layer HC / EB 
Si –        -           / Cr 5 nm            / NiFe 7 nm /… 60 66 / 97 
Si – Bi 100 nm /          -                / NiFe 7 nm /… 89 134 / 174 
Si – Bi 100 nm / Cr 10nm           / NiFe 7 nm /… 89 116 / 146 
Si – Bi 100 nm / BaTiO3 17 nm / NiFe 7 nm /… 78 107 / 172 
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measurements were done in room temperature but the addition of spacers in tested structures 
effectively changes the AFM/FM ratio which adds an extra complexity to the system. Perhaps trying 
some thicker AFM layers followed by VSM measurement could provide an answer here.  
 
 Conclusion  
 
We can draw a basic solid conclusion from the above findings. Both, the exchange bias and the 
coercive field values are enhanced by the diamagnetic layer, in our case the bismuth. In all the 
experiments this occurred repeatedly. The interaction between diamagnet and FM layer seem long 
range and not being influenced by the electrons. These points therefore require more detailed 
investigation.  
It is also necessary to add that all curves present in this section are averaged due to noisy data 
encountered whilst measuring with MOKE. A typical sample would have been scanned many times 
with slight adjustments in laser location on its surface. Then, a few best curves were selected for 
averaging to produce the final curve. Unlike vibrating sample magnetometer, MOKE measures 
magnetic properties on the sample surface level. In the case of exchange bias this is a substantial 
limitation as the laser need to penetrate the AFM deposit to reach the interface layer. At the time 
of conducting this experiment, VSM was not operational. Despite the lack of a better suited 
equipment, findings in this section are of tremendous value and form an important base for further 
detailed study of tuning EB properties by a diamagnet.  
Figure 4.43: Investigation with spacers placed in AFM/FM interface area. 
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 Conclusions 
 
This thesis studied solid and flexible ferromagnetic thin films and changes to their magnetic 
properties caused by substrates. Flexible films demonstrated an outstanding physical durability 
when flexed and retention of their magnetic properties after repeatable mechanical stress. Our 
results indicate that flexible samples have comparable and, in some cases, enhanced and desirable 
properties, to solid thin films. All samples were fabricated by plasma magnetron sputtering, 
presenting this method as capable of producing high quality, flexible, inorganic thin films. 
It has been experimentally demonstrated that roughness of substrates plays a crucial role in shaping 
thin film characteristics. Specifically, it is capable to enhance coercive field value and induce 
anisotropy in samples. It was proven that here investigated roughness effect is caused by shape 
anisotropy. Outcomes from this project not only describe roughness effect in detail, but also explain 
what factors stimulate its strength and give some indication on how to achieve desired changes in 
thin films. Being able to adjust these properties easily and inexpensively is of a great importance as 
thin films mark almost all modern electronic devices nowadays. Following are concluding remarks 
of noteworthy discoveries learned during this project.  
Experimenting with plasma sputtering revealed some intricacies associated with this deposition 
method. Certain combinations of process pressure and sputtering power are known to introduce 
either compressive or tensile stress in a sample, significantly impacting final thin film property. It 
was not possible to measure consequence of this factor directly to ascertain whether our chosen 
combination causes stress or strain in our samples. Therefore, at initial stages, a several arbitrary 
chosen values of power and gas pressure were trialled in order to get optimised recipe, suitable to 
be rolled out to all samples. This was an important consideration ensuring repeatability in all 
experiments. We settled on 50 W power and 3 mTorr Argon gas pressure. Our deposition 
equipment comprises of an automated computerised system that allows to store recipes and run 
them in an exact same manner thus eliminating human error. The user involvement with the 
process was limited to a supervising role and ensuring that the initial conditions, i.e. base pressure, 
remain the same in all experiments.  
The importance of maintaining the same initial condition stretches also to substrates preparation. 
The state of their surface as well as method of mounting them on sample holder, was paramount 
to the success of this work. Ordinarily, isopropyl alcohol is used on solid substrates to prepare a 
smooth surface area for film coating. But such handling could not be utilised in this case if all 
substrates were to receive the same treatment. That is because the Kapton and PVDF are polymers 
that react chemically with the substance, which consequently leads to their deformation. The 
substrate preparation in this project consisted of two stages. At first, a simple air dusting was 
carried out before placing substrates into the vacuum chamber, whilst ensuring the preparation 
area and the surrounding environment remained clean. The second stage involved plasma cleaning 
described in detail in chapter 4.1. Even in this case, we had to settle on one recipe, specifically 50 
W RF power with 10 mTorr argon gas injection for 2 minutes duration and maintain this for all cases. 
Some substrate modification was certainly taking place using this setting, especially to polymers, 
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but maintaining the same procedure in all experiments guaranteed the equivalent starting 
conditions for all.   
Measurements were utilised by common AFM, VSM and MOKE devices as described in chapter 2. 
Inspecting roughness by AFM, described in detail in section 3.1, required some thought. This 
measuring procedure is often employed for topography scanning but it is equally often 
misinterpreted by researches. With dozens of imaging techniques offered by the tool, one is in 
danger of choosing a less appropriate one for the task. The nature of this instrument dictates a user 
to manually select a sample area to be scanned, which inherently introduces errors in 
measurement. Flexible materials used in this project, PVDF and Kapton substrates, possess both 
large- and small-scale roughness. Therefore, we deliberately targeted smooth sample areas for 
scanning, whilst avoiding irregular structures randomly appearing on their surface. This achieved 
images representative of parts of a sample capable of impacting film properties. Scanned dimension 
was kept at 5 x 5 µm for all samples so that RMS figure would not be affected. Tip-sample distance 
was set to be around 20 nm, although this was not always possible, especially for PVDF substrates 
due to their extremely varied surface structure.  
Assessments with MOKE have been very reliable for evaluation of in-plane magnetisation 
characteristics of samples. On occasions, curve averaging was used to improve results but generally 
this was not needed due to stable optical noise cancelling device placed in the laser path. 
Testing with VSM was good enough to prove the concept in question raised in chapter 4.4, however, 
a more detailed evaluation was not possible as excitation field strength was varied for different 
samples. A lack of sample rotation in the holder, essential for the complete analysis, was another 
omission in this part of experiment due to which it was not possible to accurately determine easy 
and hard axis. Sadly, the VSM became inoperative halfway through the testing which ended this 
part of investigation prematurely.  
Except for Metglas, all materials under investigation have proven the concept of roughness effect. 
It was later discovered that this sputtering target has unsuitable dimensions for the equipment, 
causing erroneous machine operation. Accompanied temperature spikes inside the chamber were 
later found to be the consequence of failing chiller unit. Although the testing with Metglas was 
deemed unusable for intended research, it did provide confidence in the sputtering equipment and 
measurement instrumentation by outputting a consistent data sets. 
How constant are the magnetic properties in flexible thin films warrants future investigation. Such 
work could comprise of precisely repeatable physical bending of films and re-measuring their 
properties. This would also expose possible delamination problems affecting films durability. 
Another obvious test could include a detection of magnetic properties whilst the films is bent under 
some radius, thus ascertaining its stability under inflicted stress. 
Thorough investigation of roughness effect in exchange bias, described in chapter 4.5, could not be 
conducted due to lack of time assigned for this project. This would be a very much needed addition 
to this work. Very thin layers of films are involved in exchange bias. It is therefore expected that 
substrate roughness will play a major part in its quality. Not only there is a roughness sensitive 
interface between substrate and antiferromagnetic layer, but roughness will also propagate to the 
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interface between AFM and FM layer, critical for the EB properties. Such impact deserves deep 
exploration.  
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 Appendix  
 A – Journal articles published from this work 
 
A1 - Evidence of substrate roughness surface induced magnetic anisotropy in 
Ni80Fe20 flexible thin films
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A2 – Study of roughness effect in Fe and Co thin films prepared by plasma 
magnetron sputtering 
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A3 - Diamagnetic Coupling for magnetic tuning in nano-thin films
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